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Preface

This study was initiated with the goal of developing a more mature framework for building
 and validating mathematical models. Since modeling is often the most cost cﬁfective way to

investigate the impact of decisions, it is likely to become even more important in this decade of
“do more with less”. Most models in use today were developed “the old fashion way” where the
analyst assigned to a problem develops a model formulation which is passed to other analysts
who improve upon it. Thus, the model evolves through time into a useful decisibn—making tool
(maybe). Unfortuhately, the usual result of this process of model evolution is a complicated
patchwork model that seems to provide good answers but no one knows how or why.

" Since the goal of modeling is insight — not numbers — it is imperative that the models
deycloped for the Air Force be useful, understandable, and maintainable. This requirés a
controlled process with more emphasis on requirements, documentation, and configuration
management. Thus, the life cycle approach is born. Since the life cycle of a model is apmcess,
the next step"on the “maturity ladder” might be called process control. 1leave this topic for
follow on research. ‘

I am indebted to my faculty advisor, Dr. Chrissis, for his patience and expertise, and to my
reader, Lt Col Moore, for his very helpful constructive criticism. I also wish to thank Lt Col
" Litko and Mr. Alan Whisman of the Force Structure Analys:s Division atrAirx; Mobnhty Command
for tﬁcir outstanding help in working with the ACEP model and obtaining the Desert Shield data.
Despite my initial skepticism, Lt Col Litko’s predictions on the improvements needed in the
model tumed out to be amazingly accurate. Finally, I must thank my wife, Susan, for her
patience and understanding while I was buried in my thesis work. A better wife no man ever
had.
Randy McCanne
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Abstract

This study investigates‘the application of a life cycle approach to the validation of
operational models. Thé classic “waterfall” life cycle from software engineering is adapted for
use on mathematical models by defining four stages of model developmeht. Each stagé is
discussec in detail and examples of the output from each stage are presented. In addition,
techniques are investigated for applying the proposed life cycle to existing models through the
recovery of life cycle stages. ' '

The methodology is applied to a linear programming model developed for planting airlift
ope~"tions to demonstrate the power of the life cycle approach td validation. The results of
applying each stage of the life cycle to the model are presented. As a final test, the model is used
to predict the airlift capability and resource requirements for the Operation Desert Shield airlift. A
comparison is made between the predictions of the model and data from the actual operation. The
validated model is shown to be a better representation of the airlift planning problem. Finally,
specific recommendations are made for operational use of the airlift planning model and on areas
where further research is needed on both the model and the life cycle validation approach.




1, Introduction

Problem Statement _

The effective projection of combat power over great distance;s is ndw, mdrc than ever, an
important task of the United States armed forces. The Air Force plays a crucial role in achieving
this goal through the employment of airlift forces. Yet w.th a shrinking budget and force size,
improvements in force projection capability must come from more effective use of aircraft and
érews. One way to achieve this is through the efficient scheduling and routing of aircraft during
an airlift operatiod Air Force planners have sophisticated tools available to help develop airlift
plans for specific scenarios, but the massive airlift operation of Desert Shield exposed
weaknesses in these tools. The tools were unable to keep pace with the fast-changing
requirements and priorities of the early stages of the operation. The purpose of this thesis is to
examine the Airlift Capabilities Estimation Prototype (ACEP), a model proposed as a solution to
this weakness, and investigate how well it meets the airlift planning challenge,. |

Background
Importance of Strategic Mobilitv. Future conflicts are likely to be short, violent, and a long

way from U.S. shores. The Persian Gulf deployment was the prototype. The role of -
transportation, while an important aspect of any military action, was made starkly visible this
time. “Anytime we have to take an action, we will have to move a force very, very quickly.
From a strategy standpoint, I see transportation being of increased importance” says General

H.T. Johnson, commander in chief of U.S. Transportation Command {Powell, 1991:52]. U.S.
strategic mobility forces moved some 35,000 troops and 1 billion pounds of cargo in the first two




weeks of the Persian Gu.f deployment, helping deter Traq from attacking Saudi Arabia “The
United States projected forces, equipment, and sustainment farther, faster and in greater
quantities than ever before.” [Conduct of the Persian Gulf War, 1992:E-6).

Rerent world events have increased the importance of strategic mobility. The unparalleled
metamorphosis of our oldvnem&sis, the former Union of Soviet Socialist Republics; has
precipitated incredible changes in the entire world and in our requirements for miiitary capability.
Some of these changes include [Bossert, 1990:3 - ] |

» Increased importance of conventional forces. The end of the cold war has brought greater

willingness to reduce nuclear weapon stockpiles. A decrease in the deterrence value of
nuclear weapons makes a strong conventional capability more important.

» Proliferation of third wérld “hot spots”. The number and intensity of ongoing or potential

conflicts throughout the world will continue to grow as regions adjust to the vacuum -
createc %y the decline of Soviet influence. 7
» Reduction of overseas bases. The economic and budgetary challenges of the U.S., the’
increasing reluctance of Ameﬁcaﬂs to fund the defense of Europe and Japan, the
widespread perception of a decrease in the threat posed by the former Soviet Union, and
the increased reluctance of our allies to renew basing rights will almost certainly resuitin a
decrease in the number and size of overseas bases. ,
The Strategic Mobility Triad. All of these changes point to the requirement for a military
force that is small, flexible, and more mobile than ever before. The U.S. depends uﬁ{on atriad of
mobility capabilities to project forces to a threatened area. Each leg of the triad - airlift, sealift
and prepositioning — has unique strengtk.s and weaknesses that, when properly balanced, can
provide the projection capability necessary for each stage of a conflict (Figure 1). Airliftis the
fastest and most flexible leg of the triad, but it is very limited in capacity. In Desert Stﬁ::ld, for
Gulf
War, 1992:E - 9]. Prepositioning is an attractive option when the lecation of the next cclnﬂ.ict can
be accurately forecast but is of limited value otherwise [Miller, 1988:373). Sealift cah move huge

example, only about 5 percent of the total cargo was delivered by air [Conduct of Pers

quantities of materials, but it is slow. Experts estimate that sealift t2 some regions of the world

may take as long as 30 to 40 days which can more than offset the advantage in capacity

2
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Figure 1. Balanced Mobility (Adapted from Miller, 1988: 366)

(l(ing. 1989:1). Asan exampie, the first American cargo ship that arrived in Israel during the
1973 Mid-East war delivered more tonnage than was delivered bty airlift in the previous 30 days.
However, the war had been over for 20 days [Comptroller General, 1975].

The AnhﬂﬂmmngSysmm Airlift provides the critical projecdon capability in the first few
days of a conflict; usually before a clear plan of action has been determined. Consequently, an
airlift planning system must de flexible enough to handle daily or even hourly changes in
movement requirements and priorities. Air Farce regulation 28-3 defines the Joint Operational .
Planning and Execution System (JOPES) s the single, integrated system for joint planning
within the Dcpamnem of Defense (Figure 2). JOPES provides an automated system for use in
both deliberate and execution planning. | v

Deliberate planning is the process of developing Concept Plans (CONPLANS) and
Operation Plans (OPLANS).to support national security policy. OPLANS and their
accompanying Time-Phased Force and Deployment Data (TPFDD or “tip-fid”) are developed in
anticipation of a future airlift operation. The OPLAN describes the aircraft, airfield and other
resources assigned to support an airlift operation. The TPFDD contains deployment data,
including on-‘oad and off-load airfields, and the type and amount of cargo and personnel to be
deployed. Concep: Plans provide the flexibility and rapid reaction needed during contingency
situations. CONPLANS do not have comresponding TPFDDs, but contain é summary of the

3
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Figure 2. Airlift Planning System

most likely mobility and logistic assets needed to support the execution of a plan. The
information available at the tim:e of deliberate planning 1s necessarily roughv and incomplete.
Consequently, the goal of deliberate planning is not to producé a detailed schedule of operations
but only to provide a starting point for execution planning [Rappoport et al., 1992:75;
Rappoport et al., 1991:64).
Execution planning is conducted in response to an actual airlift requirement - such as an
" exercise, contingency, or humanitarian relief effort. A very powerful tool is required to match the
individual airlift requirements with aircraft and crews, and then to schedule individual missions to
perform the airlift. Normally, enough information is available during execution planning to
"schedule several days in advance, but the schedule must be continuously adjusted so as to
account for changing requirements and resources [Rappoport'et al,, 1992:75]. |
Lessons from Desert Shield. One of the most important lessons leamed from the Persian
Gulf conflict was the importance of sound planning in the employment of strategic lift assets
(airlift and sealift) [Conduct of the Persian Gulf War, 1992:xxiv]. While advance planning
played an important role in the overall success of the U.S. response, airlift planners were largely

unable to adapt existing plans to the rapidly changing situation in the time required. According to




Major Bruce Babb, a member of the Military Airlift Command (MAC) Crisis Action Team during
Desert Shield, the planning systems and methods in use in August 1990 were not flexible enough
to handle the airlift requircments of operation Desert Shicld. “The priorities kept changing -
sometimes six times a day — while the deployment flow was going on.” [Babb, 1990:1). JOPES
was unable to cdpe with the constant changes in arlift requirem'ents. Justsortingout the
requirements and priorities of the massive airlift for input to the system could have delayed the
first airlift mission by weeks or even months. Since even a week’s delay was unacceptable, the
MAC planners were forced to abandon use of much of JOPES and manually control the flow of .
aircraft [Babb, 1990:1 - 3]. . _
In addition, deployment data had not been reviewed to determine transportation feeSibility.
A transportation feasibility study determines the assets needed to move the personnel and
equipmerﬁ of a specific military unit. Rapid response units were the only ones for which current
transportation feasibility data was available. As a result, transportation planners were forced to |
improvise, and airlift requirements exceeded capability by as much as 7,000 tons per day -

~ [Conduct of the Persian Gulf War, 1992:E - 3; Babb, 1990:2].

The Development of ADANS. The weaknesses in JOPES were identified long befcre
Desert Shield highlighted them. Development of a system to augment JOPES, called the Airlift
Deployment Analysis System (ADANS), was started in 1987. ADANS s an interactive database
system with an array of tools which em be used to perform both deliberate and execution
planning on a large scale. The centerpiece of ADANS’ automated scheduling tools is a dynamic
programming-based algorithm called the airlift-planning heuristic (APH) [Hilliard et al.,
1992:135]). The objective of APH is to develop an airlift schedule that maximizes the on-time

~ delivery of cargo and passengers . The APH is a very powerful tool and is capable of scheduling

10,000 missions in under two hours [Rappoport et al., 1992: 86).

~ ADANS was under development when Desert Shield started, and the program was
accelerated to help cope with the iradequacies of the JOPES system. Because of its rushed
implementation, no performance comparison of ADANS to JOPES was made, but there is little
doubt that it contributed significantly to the success of the nearly $4 billion airlift operation
[Hilliard et al., 1992:140] However, development of the deliberate planning tools within

5




ADANS was delayed in favor of the development of the execu;ibn planning tools, such as thé
APH, urgently needed for Desert Shield. Consequently, many tools are still under development
and the ADANS system as a whole is not expected to reach initial operational capability until
March 1993 [Mitchell, 1992). -

The Airlift Capabilities Estimation Prototype (ACEP) model was developed by Busch and
Hilliard of the Operations Research Group, Oak Ridge National Laboratory, as part of ADANS to
support deliberate planning. It is a linear programming-based tool designed to provide quick |
estimates of the resources needed to support an airlift operation [Busch and Hilliard, 1992:1].
ACERP is designed to be fast, flexible, and work with the rough information that is available
during deliberate planning or the early stages of execution planning. The model has the potential
to address the problems encountered in the early days of Desert Shield, but a formal analysis is
required to verify that the model is accurate enough to be of pracﬁ;:al use. '

Research Objectives .

The ACEP model was developed in response to a demonstrated need for a tocl to provide
quick estimates of the resources required to support a planned airlift operation. However, this
model has not been validated to ensure that it adequately repr&sents the airlift planning problem.
The purpose of this effort is to validate the ACEP model and to improve the model, if possible,
based upon the validation findings. Specifically, two main problems are addressed by this

(1) How to independently evaluate the validity of an existing model.

(2) How to improve the ACEP model to better meet the needs of Air Mobility Command in

solving their aizlift planning problems.

The focus of the first part of the research is on the validation of mathematical models. While
the validation methodology developed is demonstrated using a linear programming-based model,
the general approach is applicable to other forms of models as well (e.g. nonlinear models,
simulation models, etc.). The goal of this research is to develbp and demonstrate a structured,
methodical approach to the validation of existing models.




The focus of the second part of the research is to address questions presented by R.D.
Specht in his discussion on model testing in “The Nature of Models” [Speclit, 1968:220):
(1) Can the ACEP model describe correctly and clearly the known facts and situations?
(2) When the principal parameters involved are varied, do the results remain consistent and
plausible? »
(3) Can the ACEP model handle special cases in which there is some'indication as to what
the outcomes should be? '

(4 Can it'assign causcs to known effects?

0vemew of Subsequent Chapters

Chapter II contains a summary of published literature on vehicle rounng and scheduhng
problems and a review of techniques commonly used in operations research to validate models.
In addition, a review of yalidaﬁqn Vtec»hniquw in software engineering is presented and the
applicability of these techniques to mathematical model validation is discussed.

Chapter ITI presents a model development life cycle and the results of applying the first two
stages of the life cycle to the ACEP model. A recovery process is used to reconstruct the life
cycle stages that led to the existing model design. Some significant improvements are made to the

model as a result of the life cycle recovery process.

In Chapter IV, the operational (executable) version of ACEP is presented. The techniques of
constraint validation are used to ensure the model accurately represents the conceptual ACEP
model design. Again, improvements are made to the model design as a result of the constraint
validation process. » _

Chapter V presents the results of the specific post-development validation technique
employed. A retrospective (or predictive) test is conducted using data from Operation Desert
Shield. The test proved to be highly useful in providing insights into the model’s validity for use
in planning and executing sustained airlift operations.

Chapter VI concludes the research and provides recommendations for further research.




II. Literature Review

The airlift planning problem can be thought of as a vehicle routing problem (VRP) with
both time and capacity constraints [Rappoport et al., 1992:74]. In the first part of this chapter,
an overview of the VRP is presented including classification schemes and solution approaches. s
The second part of the chapter reviews verification and validation techniques used on both
mathematical models and computer software. Useful parallels are drawn to aid in the validation
of the ACEP model.

Vehicle Routing and Scheduling Problems

The costs associated with operating vehicles and crews for delivery purposes form

an important component of total distribution costs. Consequently small percentage

savings in these expenses could result in substantial total savings over a number of

years . . . The use of analytic routing and scheduling models :and techniques can be

instrumental in realizing the savings . . . [Bodin et al., 1983:70]

In general, a VRP can be defined as: A set of customers, each with a known location and
a known requirement for some commuodity, is to be supplied from a set of depots by a set of -
delivery vehicles. Instantiations of the VRP vary widely, and may differ in the number of ‘ -
vehicles, customers and depots. Most practical VRPs also contain some time and capacity
constraints. In the case of a single vehicle with unlimited capacity, the problem reduces to the
well-known traveling salesman problem. The objective of modeling VRPs is to develop an
“optimal” route or schedule for each vehicle. Bodin, Golden, Assad and ﬁall give an
overview of vehicle routing problems in a special 1983 edition of Computers and Operations
Research [Bodin et al., 1983]. t_.\ -

Classification of VRPs. Several classification schemes for VRPs have been proposed. | : .—:; :
Bodin et al. provide a classification of VRPs into three groups: (1) pure routing, (2) pure o
scheduling, and (3) a combination of both routing and scheduling. These groups are then ‘
subdivided into a more detailed classification. v
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More recently, Desrochers, Lenstra and Savelsbergh developed aclassification scheme
based upon the various constraints added to the basic problem [Desrochers et al., 1990]. Their
scheme classifies VRPs based upon the characteristics of the customers, the vehicles, the

| service strategies employed, and the objective of the model.

In many cases, customers caa only be serviced during specified time windows. Solomon
and Desrosiers classify the different types of VRPs with time windows by the underlying
mathematical model that most closely matches the problem [Solomon and Desrosiers, 1988].
They define eight classes of problems, The difficulty with this approach is that one must be
able to determine the underlying mathematical model from the problem description. However,
once the underlying model is determined, it can lead directly to a set of published solution

-algorithms.

Solution Approaches to VRPs. As noted in the opening paragraph of this section, VRPs

are among the most rewarding (and difficult) of all problems to solve, and much has been |
 published in recent years on solution techniques. Ronen identified four common approaches to

solving vehicle routing problems - manual, pure optimization (exact), optimization with
embedded heuristics, and pure heuristics [Ronen, 1988:141]. Because the manual and pure
heuristic approaches depend heavily on the specific application, the analysts who use these
approaches do not normally publish their work in technical journals. Consequently most of the
literature deals with the “exact” and “optimization with embedded heuristics” approaches.

| Optimal solutions can be found to small problems by using direct tree search methods,
dynamic programming, or integer programnﬁng [Laporte, 1992:346]. Unfortunately, the
largest problem that can be solved using these methods is still quite small. Most routing and
scheduling problems of interest are NP-hard. NP-hard problems are a class of network and
combinatorial problems for which no polynomially-bounded solution algorithm has yet been
found (a polynomially-bounded algorithm is one whose computational burden increases only
polynomially in the worst case as the problem size increases ). Because the VRP class of
problems is NP-hard, they become difficult to solve as the number of vehicles and customers
increases, so exact solution approaches can only be used on small, simple problems. The

largest vehicle routing problem with time windows solved using exact methods until recently |

9




invoived only 4 vehicles and 14 customers. However, recent progress has increased the size of
solvable problems to about 100 customers by decomposing the problem and using a |
combination of exact methods [Desrochers et al., 1992:342).

Most problems of practical size are solved using heuristics or by a combination of

optimization and heuristic methods. “A heuristic algorithm is a procedure that uses the problem

structure in a mathematical (and usually intuitive) way to provide feasible or near-optimal
 solutions” [Bodin et al., 1983:77). A heuristic is considered effective if the solutions it
provides are cqnsistently close to optimal. Most VRP heuristics fall into three broad categories
— tour construction procedures, tourvimprovement procedures, and composite procedures
[Bodin et al., 1983: 87). Linea; programming (LP) can also be thought of as a heuristic
algorithm for VRPs. Relaxation of the requirement for an integer solution greatly increases the
size of the problems that can be solved. However, the resulting non-integer solutions may have
very limited ineaning and may not resemble the optimal integer solution very closgly.

Heuristics are used extensively to solve real-world problems because of the limitations of
exact mefhods, but their performance depends heavily upoxi the particular application. While
heuristics generally provide a “good” feasible solution, it is often difficult to determine how
close the heuristic solution is to the optimal solution. Consequently, the exact methods are
preferred when the problem is small enough that an optimal solution can be found in a
reasonable amount of time.

Application to the ACEP Model. Since the ACEP model represents an instantiation of a
potentially large vehicle routing problem, a heuristic technique for obtaining a solution appears
to be the best alternative. The ACEP model developed by Busch and Hilliard can be considered
a heuristic solution method for two reasons:

(1) Linear programming is used as a method of obtaining an optimal solution, but the
resulting solution contains non-integer values and is not feasible without further
processing. This may prove to be adequate only if very aggregate results are required.

(2) The computationally difficult problem of determining the optimal routing for each
aircraft is largely avoided by including only the most practical routes. This is
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acceptable in an airlift situation where only a very limited number of airfields are
available and the routes can be easily enumerated.

Certamly other heuristic algorithms coﬁld be developed that would provide feasible (i.e.
integer) solutions. One goal of the validation process is to determine whether or not the
beuristic techniqué chosen is adequate. For this reason, it is important to validate ahy VRP
formulation before using the model to support routing and schéduling decisions.l Th’é next
section moﬁdw an overview of verification and validation techniques commonly used in both

operations research and software engineering.

Verification and Validation Techniques
Clayton Thomas, a former Chief Scientist of the Air Force, once said that “all models are
wrong, some are useful”, Models are wrong because they are an inexact representation of
some real-world system or problem. Determining whether or not a model is “useful” is the
goal of the validation process. The requirement to validate models is common to all o
engineering activities, but has received remarkably little attention in most fields of engineering,
| However, arelatively manuwre validation paradigm (model) has developed in the field of
software engineering over the last decade This paradigm can be applied to model development
as well. o ' | ‘
Computer Software Validation. The development of mathematical models and the
development of software systems have many parallels. Both represent an abstraction of a real

system or problem. Much pro,, ss has been made in recent years in developing a structured
method for the verification and validation (V & V) of computer software. This progress was
made possible largely as a result of the recognition of the “life cycle” process of software

development. _
The classic software development life cycle is presented in Figure 3. The output of each
phase becomes the input to the next;‘ and the development process becomes a controlied
transformation of the system requirements to software design, to software modules (computer
code), and finally to an executable system. This life cycle, also called the “waterfall” life cycle,
developed as a natural consequence of the need to control the transformation of the user’s
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Figure 3. Classic Software Life Cycle Paradigm

requirements for the system into executable computer code. At each stage of the pfoc&ss,
approximations and simplifying assumptions‘am made in order to “model” the previous stage.
Consequently, flaws can be introduced at each stage which will cascade through the subsequent
stages if no attempt is made to find and correct them. These flaws fall into two general
categories — errors made in defining the requircinents for the system, and errors introduced in
transforming the system from one stage to the next (e.g. transforming written requirements into
asystem design). Validation is then defined to be the prbcess of identifying and conectiné the
first type of error — errors in the requirements, and verification is the process of ensuring each
transformation from one stage to the next is correct. ‘

Historically, the primary method of performing software V & V has been post-
development testing. Testing is the process of identifying discrepancies between actual results
and expected results [Principles of Testing, 1985:3-1]. Since discrepancies (flaws) may be
introduced at each stage of the life cycle process, V & V techniques must be able to find the
flaws and identify the stage where each flaw was introduced. The primary disadvantage to
post-development ttsting (testing after the system is built) is that flaws introduced early in the
life cycle cascade through subsequent stages and become difficult and expensive to find and
correct. For example, a flaw made in defining the user’s requirements for a system can be 60to
100 times more costly to correct after the system is built than during the requirements analysis
stage [Pressman, 1987:17]. |

In recent years a more structured approach to software validation has been developed.
More emphasis is placed on the early stages, especially the analysis of requirements. Testing is
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performed after each stage of the life cycle tn verify and validate the results before continuing to
the next stage. In this way, the most difficult and costly flaws (the flaws introduced in the |
early stages — such as the requirements analysis) are identified ahd cort_ected before they can
‘effect subsequent stages. Tﬁe transformation of one stage to the next is further controlled
through documentation of the process (Figure 4).

= (e[|l

Spec

Figure 4. Software Life Cycle Documents (Pressman, 1987:18)

A prerequisite to finding flaws in system requirements is to obtain a written “requirements
specification” which acts as a contract between the software developer and the software user.

- This specification defines the scope of the software system for the developer and helps define
the boundaries of the systerﬁn.r It also defines the majbf functions and outputexpected of the

system, helping the user realize the system’s capabilitiw and limitations before it is built. The
requirements specification is written at the user’s level without software engineering jargon
which might obscure ;he intent [General Electric, 1986:4-7} _

After the requirements specification is completed and approved by the user, a system is
designed to meet the Speciﬁcations. The design is documented so that it may be verified against
the requirements specification. Computer code is then written to implement the approved
design. The final stage of testing is performed by the user of the system and is designed
primarily to find any flaws in the specification that may still remain. Thus, the comerstone of
the validation process is the requirements specification. Another technique whiéh has gained
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favor in recent years, and is made possible by the life cycle process, is the concept of
independent testing.

Most operational modeling is performed by a team of one or more analysts who develop
the model formulation, implement the model, ’and validate the results. For many years, this is
how most computer software was developed és well. Recently, however, many software
engineering organizations have formed independent test teams. “Independent testing is a cost-
effective technique for finding flaws in software, and it is evolving as the standard method for
verifying production application soﬁWme” [Principles of Testing, 1985:4-5]. There are many
- benefits to performing independent testing [Principles of Testing, 1985:4-6]:

« The testing is conducted by personnel who have not been involved in thé development of
the software and can be more objective about the product and more aggressive in finding
flaws.

» Requirements are reviewed from a different perspective, providing a valuable double
check on the developer’s interpretation.

o A separate test team is likely to be more critical in its interpretation of test results.

In summary, two important techniques can be borrowed from software engineering in

performing validation tests on a mathematical model.

(1) Alife cycle approach to model development may help gmde the transformation of the

user’s requirements into a valid model. '

(2) Hinal validation testing should be performed independently of model development

whenever possible.

Unfortunately, the disciplined and widely accepted validation paradigm of the software
engineering world has no parallel in the modeling world. Instead, a hodgepodge of post-
development validation techniques are used depending upon the model form and the specific
applicaﬁod Consequently, the validation of models can be a more difficult task.

Mathematical Model Validation. A model, like computer software, is an abstract
representation of some real-world problem. Approximations and simplifying assumptions are
generally required to make the model tractable (capable of being solved). Model validation can
be defined as the analytic process of proving that a model adequately represents the problem,
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. 4 .
and that a solution to the model is also a solution to the real-world problem. Hillier and

Lieberman judge the validity of a mathematical model by “whether or not the model piedicts the
relative effects of the altemnative courses of action with sufficient accuracy to permit sound
decisions” [Hillier and Lieberman, 1986:20]. |

The development of large mathematical models requires a life cycle approach similar to
software engineering. In Mode! Building in Mathematical Programming, H.P.Williams
descnbes the proéess of building and validating a model as “a two-way process gradually

‘converging on a more and more accurate representation of the situation being modelled”

[Williams, 1985:96). Figure 5 shows perhaps the most widely used model development life
cycle. A Conceptual Model is the model builder’s understanding of the important parameters,

* processes and interactions in the problem or system to be modeled [Alink and Blackstone,

1992: H-7]. An Operational Model is the implementation of the conceptual model into an
executable form [Alink and Blackstone, 1992: H-7]. A Valid Model is an operational model
that has been proven to adequately represent the probiem for the intended use of the model.

Formulate Conceptual

Model
Model I

. Implen:ent . Operational

g__j Model
Model

Validate '
" Valid
s |

Figure 5. Traditionai Model Development Paradigm

Only recently, however, has serious research begun on many of the issues associated with the
life cycle approach to modeling, such as documentation standards and configuration
management. ' \
Many textbqoks on operations research offer suggestions on how to validaté mathematical
models, and.much has been written on the validation of other types of models, such as
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simulation models. Most o the techniques offered are post-developmem tests for validity. A
survéy of operations research, simulation, and expert system research into validation yields the
following techniques:

(1) Face Validation. This technique involves havir.g potemial experts and people
knowledgeable in the domain of the application examite the modei in action and
assess its performance at faée value [O'Keefe et al., 1988:86).

(2) Constraint Validation. In many linear programming models, the objective function
and constraints can be interchanged to provide additional insights into the validity of
thé model formulatior. “Itis often desirable to solve the model a number of times
with different (possibly contrived) objectives in order to test out as many constraints

‘ as possible” [lehams 1985: 96].

f . (3) Predictive or retrospective tests. When possible, historical data can be used as input
to the model. A comparison of the model’s solution to what actually happened may
indicate whether using the model is a significant improvement over current practices.
The technique is best described by Bazaraa, Jarvis and Sherali in Linear Programming
and Network Flows as follows:

Tire fourth stage [of model building] is model testing, analysis, and (pos<ibly)
restructuring. One examines the model solution and its sensitivity to various
system parameters, and studiss its predictions to various what-if types of
scenarios. This analysis provides insights into the system. One can also use
this analysis to ascertain the reliability of the model by comparing the predicted
outcomes with the expected outcomes, using either past experience or
conducting the test retroactively using historical data. [Bazaraa et al., 1990:8]
There are two disadvantages to this approach. First, it may use the same data that
guided the formulation of the model [Hillier and Lieberman, 1986:23]. Second, the
outcome of past events is only one of many possible outcomes, and it is unlikely that
a model can incorporate all of the determining factors [Pritsker, 1986:13].
(4) Event validity or sensitivity analysis. Sensitivity analysis is performed by
systematically changing the input parameters over some range of interest and

observing the effect upon system performance [O'Keefe et al., 1988:86].
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(5) Turing tests. While more commonly used to validate expert systems, Turing tests can
be used to validate any kind of model designed to replace a previous method. The test
is conducted by providing experts with output from both the model and the previous -
method without knowing the origin of each set of output. If the experts cannot tell the
difference, then the test is a success. The Turing test is especially helpful in
establishing the validity of a new system where the users are reluctant or skeptical
{O'Keefe et al., 1988:86].

~ (6) Field tests. As alast resort in validation techniques, the model can be placed in
operation to determine how well it performs. Normally, the previous method of
obtaining solutions continues to be used as well to provide an additional tool for
evaluation [O'Keefe et al., 1988:86). .

These validation techniques are widely used by analysts, but very little guidance is
published on how o perform each technique since their application is highly problem
dependent. In addition, each of the techniques is a post-development test for validation in that
ﬂiemodelnnmbemmdbefaeﬂaeycanbemed msmemcm{qmmonryreany
| effective when they are coupled with a strong life cycle development approach.

lnsummm'y areview of the literature Ii: adstotin'eeomchmonJ aboutthe ACEP model
| ﬁhdanon problem. First, since the problem represents an mstanuano}n of a large vehicle
. routing and scheduling problem, a heuristic technique for obtaining a solution is necessary.
One of the tasks of the validation process is to determine if the heuristic technique used is
adequate. Second, a review of validation techniques in both software engineering and
operations research indicate that validation of mathematical models may be best accomplished
through a systematic life cycle development approach coupled with post-deoelopmem validation
tests. And finally, there may be advantages to performing the validation independently of
model development. | |

In the next chapter, a new model development life cycle is proposed and applied to the
ACEP moudel to begin the validation process.
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1L Life Cycle Validation Approach

The model validation approach used on the ACE? model is based upon the validation
paradigm of software engineering reviewed in the previous chapter. A disciplined and well
documented hfe cycle developmeni approach was found to be the most effecﬁve way to validate a |
model. In this chapter, a model development life cycle is proposed and applied to the ACEP
model. As aresult, significant flaws are found in the original ACEP design.

The first step in the validation process is to define a general model development life cycle.
The difficulty in applying a life cycle validation approach to the ACEP model is that a mode’
design has already been proposed while no formal written requirements for the model are
available. Thus, the second step is to recover the undocumented life cycle stages already
completed on the ACEP. | .

Propased Model Development Life Cycle
‘ The proposed mode! development life cycle czn be described as a four step process similar
to the classic “waterfall” life cycle used in software development (Figure 6). Each stage is

Analyze Reguire-
i ments
Requirements Se 1 .

Design Conceotd
I : Model |:> Design ceptual
| Formulation Document Model

l I Implement i £ Computer {
Model : S Model == Operational
E> K rrrrerrerrst Model

Validate

___L . —
Operational

L Mode! E>

Figure 6. Proposed Model Development Life Cycle
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dependent upon the previous stage for its requisite input. The feedback lines in the diagram
indicate that the process is iterative. When a flaw is discovered in one stage, the process is
backtracked to the stage where the flaw was introduced and restarted. Most model developers
use a rough approximation of this hfe cycle naturally. However, a more disciplined use of the
process is needec to develop large, complex models and when a model is to be used more than
once. In addition, formal documentation of each stage of the life cycle process may help greatly
in the use and maintenance of the model. |

Analyms of Requirements. | The first and most impoftant stage of the model development
life cycle is the analysis of requirements. The output of this stage is a formal, written
requirements specification. This document puts in writing the requirements of the model,
including a description of the problem being modeled, the expected inputs to, and outputs from
the model, and the performance criteria that the model is expected to meet. The contént of this
document should also include the motivation for the model, the intended use of the model, and
the specific post-development steps planned to validate the model for operational use. The
requirements specification should not (in theory) be constrained to any patticulaf modeling
approach or solution methodology, except where the users of the model are constrained by
available modeling resources. A typical model requirements specification might include the items
shown in Figure 7. | =

Model Requirements Specification (MRS)
Table of Contents

1.0 Overview
2.0 Applicable Documents
3.0 Problem Summary
4.0 Modeling Objective
4.1 Primary Optimization Goals
4.2 Secondary Optimization Goals
5.0 Modeling Constraints
i

6.0 Model Input
7.0 Model Output
8.0 Model Validation
8.1 Validation Criteria
. 8.2 Validation Steps

iv

Figure 7. Model Requirements Specification Format

Model Design. The second stage is to transform the requirements into a model design (the
“conceptual model”). The design document should describe the modeling approach taken (e.g.
linear programming), the assumptions required to use the modeling approach chosen, and the
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model design. While Data Flow Diagrams and Data Dictionaries have become the standard
design tools in software engineering, no such standard design tool has emerged in modeling.
Thus, a wide variety of design tools can be used. In simulation models, for example, the model
design might be represented by network flow diagrams. In mathematical models such as the
ACEP model, the design is most often represented‘by a mathematical formulation comprised of
parameters, variables, and equations which relate the parametersvand variables to each other.
Since a proposed ACEP formulation already exists, the design document in this case expands
upon the formulation and updates the model based upon the “recovered” model requirements.
Figure 8 shows the format of the design document used for ACEP.

Mode! Design Docuntent (MDD) 6.2 Modeling Objective
Table of Contents 6.2.1 Decision Variables
1.0 Overview 6.2.2 Objective Function

6.3 Constraint Equations
6.4 Variable Bounds
7.0 Model Output
7.1 Decision Variables
7.2 Sensitivity Information
8.0 Verification Matrix
iv

2.0 Applicable Documents
3.0 Problem Summary
4.0 Overview of Modeling Approach
5.0 Model Assumptions
6.0 Mathematical Formulation
6.1 Parameters
iii

TR TR e

LULLELLLLLEL

Figure 8. Model Design Document Format

Model Implementation. The third stage is the transformation of the design into an executable
(or “operational”) model. This is normally done with a mathematical modeling system or by
writing computer code. In some cases, the transformation from design to implementation is
automated. In any case, the transformation is required to prodticé a model which generéies the
desired information. The main validation goal of this stage is to ensure the operational model
correctly implements the conceptual model. Each constraint is examined one at a time in a logical
order. The effect of each type of constraint on the solution of a contrived set of input data is
compared with what is expected, and any discrepancies are investigated. This process is called
constraint validation. The ACEP design was implemented using the General Algebraic Modeling
System (GAMS) and the constraint validation process used to verify the GAMS model is outlined
in Chapter IV.
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Operational Validation The final stage in this transformation is a post-development
validation proccss to ensure the executable model accurately represents the problem, meets the
performance and validation criteria outlined in the requirements specification, and is suitable for
the intended use of the model. This process can be called “operational validation” [Alink and
Blackstone,v 1992: H-8]. The retrospective test described in the literature review is used in this
step and is described in detail in Chapter V. ‘

The proposed life cycle for mbdel development offers two major advantages over the
traditional method of model building. First, the model formulation is divided into two distinct
phases — analysis of requirements and model design. This places more emphasis on the
investigation of requirements in the beginning which increases the chances that the model
developed will be adequate for its intended use. Second, the resuits of ezch stage of
developnient are documented. -This allows for a “face validation” of the model earlier and makes
an independent evaluation of the model’s validity possible.

Clearly this proposed life cycle has merit in the development of new models. However, the
ACEP model already exists in a conceptual form. The next section décri&s the process used to

_ apply the life cycle to the existing ACEP model dmgn.

Recovery of Model Requimnients'

The ACEP model pfoposed by Busch and Hilliard describes a conceptual model design. To
recover the missing life cycle stages, that portion of the normal development life cycle that lies
“upstream” from the existing model has to be recreated. In the case of the ACEP model, the
requirements for the mode! have to be analyzed and a written specification developed before the
design can be implemented (Figure 9). Three approaches Iare possible in reconstructing model
requirements: starting over, “backing in”, or a combination of both.

(1) Starting Over. The existing design can be ignored and the entire life cycle process
started over. The advantage to this approach is that any modeling approach can be
taken and great improvements in the final model are possible. This approach is likely to
take more time and effort, however, and ignores the contribution of previous work that

was performed to create the existing design.
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Figure 9. ACEP Model Validation Process

(2) Backing In. Using a variation of Meyer’s “backing in” approach, the requirements

specification can be created to lead directly to the existing design [Meyer, 1987]. The
model user’s approval of the requirements specification “as is” then répresents
compelling evidence that the existing design is adequate. Similarly, changes to the
specification requested by the mode! user should lead directly to improvements in the
design. This approach might be the best alternative when the requirements are not well
understood, when the existing design is likely to be adequate, or when time and effort
constraints are imposed that prevent a complete rework of the model.

(3) Combination of both approaches. A combination of approaches can be used when some

requirement changes are known ahead of time. This approach was used to recover the
requirements for the ACEP model. Most of the requirements in the specification were
described in such a way as to lead more or less to the representation of the requirement
used in the model design (“backing in”). However, some additional model
requirements were evident from the beginning and were included in the first draft of the

requirements.

The ACEP Model Requirements Specification (MRS), contained in Appendix A, was
developed through research into the airlift planning problem, analysis of the ACEP design, and
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numerous interviews with analysts at Air Mobility Command. Each iteration of the specification
was reviewed by the model sponsor as well as by other experts on the airlift planhing problem,
providing a valuable “face validation” of the model’s requirements.

ACEP Design Changw

Once the recovered mqtﬂrefnents specification was approved by the model sponsor at Air
Mobility Command, then the model design was updated to reflect the new requirements. The
ACEP Model Design Document (AppendixB) was created based upon the original ACEP design
and the new model fequixements. Changes to the design which resulted from the new model
requirements inchide: - .

(1) Route structure. The original design assumed that the off-load airfield was the last stop
on each route, failing to account for the return of the aircraft to their home base. A
recovery base near the off-load airfield was also added to the route structure, although
this new reqmmment did not effect the cun'ent model design (see Appendix A, Secuon
5.3 for a more detailed description of the route structure).

(2) Working MOG. The original design included flow constraints to account for the
available ramp space at each airfield. However, the analysts at AMC normally work '
with two different kinds of MOG (ma:nmum on the ground) in planmng au‘hft
operations — parking MOG which accounts for ramp sbace, anda “working” MOG

T which accounts for other factors such as refueling capability (see Appendix A, Section
5.4 for a more detailed description of MOG). _
~ (3) Minimum load reqmrgmént. The new design includes the option to specify a lower

bound on the number of missions scheduled, preventing the model from scheduling
aircraft with loads below a certain percentage of capacity (see Appendix A, Section 5.5)

(4) Aircraft utilization constraints. The utilization of airlift aircraft is constrained bya
number of factors including crew limitations and maintenance requirements. Air Force
planners aggregate these factors into a utilization rate (called UTE). The Busch and
Hilliard formulation of ACEP did not include UTE constraints, but UTE was included
in the requirements at the request of the model sponsor. The aircraft utilization
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constraints required additional input to the model including information on thé expected
flight time between airfields on each route, the expected eround time at each stop, and
the objective UTE rate for each aircraft and 'surge perioa \see Appendix A, Section 5.5).
To summarize, the proposed model development life cycle offers two major advantages over
the traditional model development paradigm: (1) more emphasis is placed on investigating the
needs of the model sponsar, increasing the chances that the model developed will be “useful”
and (2) the transformation of the model through each stage of the life cycle process is

~documented to help in the validation process as well as in the use and maintenance of the model.

Three approaches were discussed for applying the proposed life cycle to the existing ACEP
model: (1) starting over; (2) “b’acking in” to the model requirements; and (3) a combination of
(1) and (2). The combination approach was used to improve the existing design of the ACEP

model. | i
In the next chapter, the process used to build and validate an executable version of the ACEP

model design using GAMS is discussed.

24




IV. Cansraint Validation

The recovery of model requirements provided a valuable tool in improving the Busch and
Hilliard ACEP model design. The third stage m the proposed model life cycle is to build an
operational model that implements the conceptual model design. In this chapter, the process used
to build an executablg version of ACEP using the GAMS modeling language is presented. In .
addition, constraint validation techniques for ensuring the operational model coxrectly implements
the conceptual model design are discussed. Finally, the results of using these techniques‘ on the
ACEP are given. | '

| GAMS Implementation
GAMS acts as a “front-end” and a “back-end” to a solver and is designed to make the

formulation and maintenance of large and complex mathematical models easier {Brooke et al.,
1988: Preface]. The GAMS modeling language provides an impressive array of tools for
manipulating the input parameters as well as the solution and sensitivity information. Figure 10
shows the process GAMS uses to obtain a solution to a model. A special interface program must |
be written to pass the model from GAMS to a solver, but interface routines for the most widely
used solvers are available. For the validation runs of the ACEP model, the MINOS solver

(Version 5.2, March 1988) was used.
Solver
Input '
File (e.g. MINOS)
(Model)




The GAMS implementation of ACEP, provided in Appendix C, represents yet axiother level
 of abstraction from the real problem. More assumptions and upproximations are required to
implement the model formulation. Consequently, the next step after building the operational
model is to verify that it is an accurate implementation of the conceptual model. In doing so,
further insight into the model and the problem is gained providing an additional tool for
validation. ‘This process is called constraint validation and has three main goals:

(1) Verify that each constraint works — that the mathematical representation of each resource
is correctly implemented in the model. ' | |

(2) Ensure that the mpreéentaﬁon of each constrained resource does not cause unexpected
“side effects” that result in unrealistic model solutions when the constraint is enforced.

3) Provide further insight into the validity of the model requirements and design.

The process of constraint vélidation was accomplished in three primary ways: (1) through the
development of a contrived airlift scenario designed to “stress” the model; (2) by systematically
adding constraints to a skeletal model; and (3) by examining the solution to alternative objective
functions. '

Contrived Scenario. A designed set of input data is necessary to initially test the operational
model and to act as a baseline scenario for further constraint testing. An airlift scenario was
designed for ACEP to make each constraint binding at some point during the planning horizon of
the model. This was possible because of the multi-time peﬁod aspect of the ACEP model.
Without this aspect, many different scenarios would have td be created to accomplish the same
objective. The primary resource constraints of interest in the ACEP model are:

(1) Airfields. The on-load and off-load airfields are limited in the amount of cargo and
passengers that can be processed during each unit of time (cargo throughput and
passenger throughput). All airfields have a limited amount of ramp space for parking
aircraft (parking MOG). In addition, airfields may have limited capability to service
aircraft (refuel, maintain, etc. — called working MOG). See Appendix A, Section 5.4
for a complete description of the airfield resource constraints, and Appendix B, Section
6.3.3 for the mathematical formulation of the constraints.
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Figure 11. Test Scenario Route Structure

(2) Aircraft. A limited number of aircraft are available at any given time and the utilization
(UTE) of the aircraft (number of flight hours accumulated over a given period) is
hmlted. See Appendix A, Section 5.5, and Appendix B, Section 6.3.3 for more detail
on the aircraft resource constraints. ' |

A route structure was designed to force bottlenecks in the system (Figure 11). Table 1 lists

the airfields with designed shortages in constrained resources and the time periods in the model

when the shortages occur.
TABLE 1 A A
Designed Scenario - Airficld Bottlenecks -~~~
K003 Cargo Throughput MHE) - CO01-C05
K005 Pax Throughput (Pax Terminal) CO01 - C08
K004 Working MOG (Fuel trucks) C01 -Ce64
K006 Parking MOG (Ramp Space) C01-Cé64

Tests of the aircraft resource constraints (availability and utilization) were designed by
enforcing low surge period UTE constraints during the first three days .of the planning period and
by modifying the penalty for using an aircraft. The penalty was modified io increase with time,
penalizing any delays in delivering thé cargo and passengers after the start of the pickup window.
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This forced the model to schedule the aircraft at the maximum utilization and availability early in
the model to deliver the cargo and passengérs as soon as possible.

The model was executed with the test scenario data using the primary modeling objective of
minimizing shortfall and closure (day of last delivery). The results showed that each of the
constraints was working correctly and no unexpected “side effects” were immediately apparent.
However, further refinements were made to the post-processing of the solution to provide more
hseful information. Of particular interest was the sensitivity analysis. While this information can
be printed automatically by GAMS, the sheer volume of the information available in even a small
scenario is overwhelming. The most useful sensitivity information was the marginal value of
each of the constrained resources. The LP solver coraputes a marginal value for each constraint
equation in the model. To aggregate this information, post-processing was added to gather (sum)
the marginal cost information across the relevant time periods. For example, Table 2 shows the
information compuied on airfield MOG used in the optimal solution.

TABLE2
Designed Scenario - MOG Sensitivity Information

Maximum Percent Accumulated
K001 56.0%
K002 35.7%
K003 93.0%
K004 100.0% 30.887
K005 51.7%
K006 100.0% 13.502

The table shows that the full capacity of the MOG resource was usex; at both airfield K004
and airfield K006 as expected. In addition, the marginal cost information i&-ldicaws that the
shortage of MOG at airfield K004 has a larger impact on the solution than K006. In fact, a one
unit increase in the MOG available at K004 across the entire planning period will improve the
objective function by up to 30.887 units. The actual improvement may be lLss, however, since
the aggregation of the marginal cost across the planning period assumes that the current basis
remains optimal after the change (the actual improvement in this case was 21.8 because the basis
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changes). The aggregate marginal cost provides égood way of determining which of the
constrained resources offers the most potential improvement in the objective function by adding to
the availability of the resource. Cnce a good contrived scenario has been designed and tested, it
can be used in a more detailed analysis of each of the model constraints.

Constraint Examination. The designed scenario provides a good initial assessment of the

| operational model. 'Ihenenstepistapexformamom detailed examination of each of the

constrained resources. This is done by stripping the inodel of all but the most basic parameteﬁ
and equations and then introducing the resource constraints one at a time to observe their
individual effects. With four primary typm of constrained resources (the number and utilization
of aircraft, and the airfield MOG and throughput), there are 4] =24 ways in which these four
constraints can be introduced to the model. However, there are logical considerations that can be -
used to eliminate some combinations. For example, the UTE constraints in the ACEP model

- cannot be computed without providing the maximum number of aircraft available. Thus the UTE

constraints must be added to the model after the sircraft availability constraints. In this manner
infeasible combinations can be eliminated from consideration and one of the remaining
combinations chosen to begin the test. ‘ |

- The basic ACEP model includes the objective function and the constraints which account for
the delivery or shortfall of the cargo and passengers (DELIVPAX, DELIVBLK, and
DELIVOUT). In addition, the NONPREF constraints are included in the basic model since they
have no effect on resource consumption (see Appendix C). Table 3 shows the order in which the
constraints were introduced to the basic model and the effect of each additional constraint on the
size and density of the constraint matrix (percent of matrix elements that are nonzero).

TABLE 3

Constraint Validation — Model Size and Density
(Objective Function — Minimize Cost)

# of Constraints 72 444 684 932 944
# of Variables 1740 1740 1740 1740 1740
Density 2.9% 1.3% 1.6% 1.5% 1.6%
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The MOG equatioas represent the largest block of constraints (372), but are also the least
dense - a significant factor in the effort required to find the optimal solution. Table 4 shows the

effect of each constraint on the optimal solution.

TABLE 4

"Constraint Validation — Effects on Solution
(Objective Function — Minimize Cost)

# of Iterations * 325 273 1335 4209 3618
Objective Function Value 1,497.17 2,362.65 2,514.74 2,923.04 3,336.43
Latest Delivery Date - Day 29 Day 33 Day 35 Day 41 Day 47
Total # of Sorties 197 177 177 177 - . 177
Sortie Mixture (Percent of Total by Aircraft Type) ‘
C-141 " 45.9% 33.5% 33.5% 33.5% 33.5%
C5 344% = 38.3% 38.3% 38.3% 38.3%
C-17 11.2% 12.4% 12.4% 12.4% -12.4%
P-747 85% = 15.8% 15.8% 15.8% 15.8%
Cargo Mixture (Percent of 1otal delivered) : _
Out- C-5 100% 100% 100% 100% 100%
Bk- C-5 75.4% 75.4% 75.4% 75.4% 75.4%
, C-17 24.6% 24.6% 24.6% 24.6% 24.6%
Pax- C-141 52.2% 342% = 342% 34.2% 34.2%
C-5 20.5% 20.5% 20.5% 20.5% 20.5%
P-747 27.3% 45.3% 45.3% 45.3% 45.3%
* Represents the number of jterations performed by MINOS 5.2 to find an optimal solution starting from the
optimal basis of the previous model.

Since the airlift scenario was designed tc make each of the resource constraints binding, the
objective function “cost” of the airlift as well as the closure (day of last delivery) is expected to
increase as each constraint is added. It is interesting to note that the number of sorties, the
percentage of sorties flown by each aircraft type, and the percentage of cargo/pax carried by each
aircraft type does not change after the first constraint MOG) is added. Further investigation
revealed that these attributes of the solution are relatively insensitive to constraints and depend
mostly on the number and type of aircraft employed, the movement requirements, and the time
windows for pickup of the requirements - all of which are input parameters to the model.

Table 5 contains the usage information for each constrained resource, providing further
evidence that the resource constraint equations are functioning correctly. However, more .etailed
analysis of the C-141 utilization information uncovered a flaw. In the designed scenario, the
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TABLES

Constraint Validation - Maximum Resource Levels
(Objective Function — Minimize Cost)

Maximum MOG used (percent of capacity) _ v
K001 591% 68.2% 50.8% 522% 56.0%
K002 - 106% 60.0% 46.8% 336 = 35.7%
K003 ' 1,161% 100% = 100% 86.3% 93.0%
K004 : 696% 100% 100% 100% = 100%
K005 - 696% 60% 45.2% 47.7% 51.7%
K006 . ' 871% - 100% 100% 100% 100%
Maximum Cargo Throughput (percent of capacity) . ‘
- K003 2,167% 211% 100% 100% . 100%
¥ 005 867% 127% 60.0% 60.0% - 60.0%
Maxnaum Passenger Throughput (percent of capacity) .
K003 ' 548% 78.0% 41.6% 48.4% 50.8%
' K005 1,370% 195% 100% 100% 100%
Aircraft Used (percent of available) .
C-141 904% 485% 268% 100% 100%
Cs5 . 287% 233% 150% 100% 100%
C-17 314% 298% 158% 100% 100%
P-747 - 523% 318% 316% 100% - 100%
Surge UTE Rates Achieved (percent of maximum)
C-141 - N/A N/A N/A 298% 100%
C-5 NA N/A N/A 151% 100%
C-17 N/A N/A N/A 171% 100%
P-747 , N/A N/A N/A 138% 100%

C-141 aircraft are based out of two different airﬁélds (K001 and K002). When the availability’
and UTE levels are computed separately for each group of C-141s, as in Table 6, two problems
become evident. First, the availability constraint is enforced across aircraft types, allowing the
model to use more aircraft than are available from each operating base This occurred at both of
the C-141 ".ases at some time during the planning period (though not at the same time). Similarly,

.~ the UTE constraints are enforced over an aircraft type, allowing the model to over-utilize the
aircraft from an advantageously located base (K002) while under-utilizing the aircraft from a base
farther from the on-load airfields (K001) to maintain the required overall UTE rates.
Consequently, the ACEP model was changed to enforce both availability and UTE by operating
base as well as aircraft type.
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TABLE 6

Analysis of Optimal C-141 Utilization by Operating Base
(Objective Function ~ Minimize Cost)

: Availabil UTE
C-141 (Overall) 100.0% 100.0%
C-141 (K001) 150.0% : 38.5%
C-141 (K002) 174.0% 223.0%

Alremative Objectives. The final step in the constraint validation process is to repeat the
process of examining the constraints using alternative objective functions. Often one of the
fwoun:e constraints can be used as an objective function, with the goal of minimizing the use of
the resource subject to meeting a set value of the original objectiire. The goal in switching the
constraints and objective function is to learn more about the behavior of the model and correct any
inappropriate behavior. '

For this step of the validation process the objective function f:hosen is to maximize the flow
of cargo and passengéts, where the objective function value reported is the maximum nuraber of
passengers and tons of cargo which can be delivered over the planning period. To use this
objective function, it is assumed that an infinite amount of cargo and passengers is available for
pickup at each on-load airfield, but the pfckup windows are not changed. Table 7 shows the
results of the model run with the new objective function.

TABLE7

Altemnative Objective — Effects on Solution
(Objective Function — Maximize Flow)

# of Iterations * 380 1939 882 2648
Objective Function Value  64,908.00 60,667.00 52,023.18 50,023.18
Total # of Sorties 498 399 402 402
Amount Delivered (by class)

Out (tons) 7,560.00 7,376.65 5,584.43 5.425.02

BIk (tons) 4,200.00 349.18 3,361.77 3,521.19

Passengers 53,148 52,941 43,077 43,077

* Represents the number of iterations performed by MINOS 5.2 to find an optimal solution starting from the
optimal basis of the previous model.
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Since the resource constraints act to limit the flow through the airlift system, the 'objective
function is expected to decrease as each constraint is added. However, it is also evident that the

model tends to favor the delivery of passengers over cargo. The average capacity of the
passenger-capable aircraft (C-141 and P-747 in the scenario) is abbut 250 péssengets, while the
average capacity of the cargo-capable aircraft (C-5, C-17, and C-141) is about 40 tons. Since one
passenger and one ton of cargo carry equal weight_ in the objective function, the model will
naturally attempt to schedule as many of the higher capacity passenggr aircraft as possible.

- However, Air Force planners use a rule-of-thumb that one ton of cargo must be delivered for each

passenger [Litko, 1692). This rule-of-thumb has proven to be roughly accurate in past airlift

operations including Desert Shield. This ratio is true for the operation as a whole, but is not

necessarily the case for each deploying unit. | | '
There are a numbér of Ways to indirectly cause the model to deliver roughly equal ambunts

of cargo and passengers. First, the penalty for shortfall in the cargo categories can be adjusted to

compensate for the difference in the carrying capacities of the aircraft. Second, the objective
function can be formulated to penalize the use of aircraft to carry passengers. However, further
experimentation with these solutions showed that they are only effective when the objective is to
minimize the shortfall and the airlift system does not have the capacity to deliver all the catgd that
must be moved. |

The best way to directly influence the ratio of cargo/passengers delivered is simply to add a
constraint to the model which forces the shortfall in cargo to equal the shortfall in passengers
within some specified t&)lerance. In the case where the objective 1s to maximize the flow, then the
constraint will force the\ tons of cargo delivered to roughly equal the number of passengers
delivered. A single new\constraint (RATIO) was added to the ACEP model ‘to force the tons of
cargo (bulk and oursize)' delivered to be within 10 percent of the number of passengers. This
change was made to the model and the results are shown in Table 8. ’fhe effect on the solution is
dramatic, but results in a more realistic delivery of cargo and passengers. The primary “side
effect'; of the new constraint in the test scehario is that the C-141 aircraft previously used

~ exclusively for carrying passengers are now used only for carrying bulk cargo.
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TABLE 8

Alternarive Objective — Effects on Solution #2

- (Objective Function — Maximize Flow)

# of Iterations * . 380 1939 882 2648 634 S
Objective Function Value 64,908.00 60,667.00 52,023.18 50,023.18 22,014.08 -
Total # of Sorties 495 355 402 402 352 T

Amount Delivered (by class) o ' . ~

‘ Out (tons) 7,560.00 7,376.65 5,584.43 5,425.02 4556.09
BIk (tons) 4,200.00 349.18 3,361.77 3,521.19 5871.63 :
Passengers 53,148 52,941 43,077 43,077 11,586
Cargo Mixture (percent of total delivered)
Out- C-5 100% 100% 100% 100% 81.4%
C-17 18.6%
Blk- C-141 622%
Cs5 2% 4.6% e
- C-17 100% 98% 100% 95.4% 37.8% ST
Pax- C-141 55.0% 55.3% 58.1% 58.1%
C-5 16.1% 15.8% 14.7% 14.7% 36.3%
P-747 28.8% 29.0% 27.2% 27.2% 63.7%
Sortie Mixture (percent of total by aircraft type)
C-141 45.2% 56.4% 47.9% 47.9% 54.6% .
C-5 25.3% 30.8% 23.2% 23.2% 17.5% e
C-17 21.1% 2.2% 20.9% 20.9% 22.1% 7
P-747 8.4% 10.5% 8.0% 8.0% 5.7% o
* Represents the number of iterations performed by MINOS 5.2 to find an optimal solution starting from the .
optimal basis of the previous model. v
Finally, the etfuct of each constraint on the utilization of resources is given in Table 9. When y
the RATIO constraint is added to the model, the passenger-capable aircraft are utilized less or used ‘
to deliver bulk or outsize cargo and the passenger throughput levels decrease. Thus, the model - 2

behavior matches what is expected when the model is forced to deliver more cargo.

To summarize, the primary validation task in the model implementation stage of the life cycle
is to verify that vthe operational model correctly implements the model design. Specifically, the
goals of the constraint validation process are to verify that each constraint performs it primary task
of constraining the use or consumption of the resource; to ensure that no unwanted “side effects”
are caused by the constraint equation; and provide additional insight into the model behavior.

Three techniques were used to complete the process with each contributing significantly to
the validation effort. First, a scenario was developed to “stress” the model by forcing all \
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TABLE 9

Alternative Objective - Maxmmm Resource Levels
. (Objective Function — Maximize Flow)

Snlunnn_(:hamcmnsxms Base MOG UTE Ihmpm - Ratio
Maximum MOG used (percent of capacity)

K001 120% 68.7% = 69.4% 65.4% 62.7%
K002 54%  33.88% 47.4% 53.4% 51.2%
K003 289% 100% 100% - 100% 100%
K004 199% 100% . 100% 100% - 100%
K005 - 173% 60% = 60% 60% 55.1%
K006 434% 100% 100% 100% 100%
Sustained UTE Rates Achieved (percent of maximum)
C-141 (K001) 105% @ 105% 100% 100% 100%
C-141 (K002) 125% 125% 100% 100% - 100%
C-5 135% 132%  100% 100%  66.4%
C-17 125% 10.4% 100% 100% 92.6%
P-747 131% 131% = 100% 100% 62.9%
Maximum Cargo Thmughpm (percent of capacity) o .
K003 733% 346% 250% 100% 100%
K005 ' 293% 138% 135% 60.0% 60.0%
Maximum Passenger Throughput (percent of capacity)
K003 o 105% 71.9% 67.4% 71.6% 46.3%
K005 263% 164% 73.2% 91.6% 38.6%

constraints to be bmdmg During the development of the contrived scenario, the penalty for using
an aircraft in thé objective function was modified to increase with time to minimize closure as well
" as shortfall. In addition, it was discovered that marginal cost information computed automatically
on the constrained resources could be aggregated into a single number representing the relative
importance of each resource. , e
Second, mode constraints were stripped from the basic model and introduced one at a time
t0 observe their individual and collective effects on the solution and constrained resources. It
was discovered that aircraft availability and UTE must be eaforced for each group of aircraft
operating from the same airfield as well as across aircraft types. '
Finally, the constraint examination process was repeated with an alternative objective
function of maximizing the flow of cargo and passengers. It was discovered that the model tends
naturally to favor the delivery of passengers over cargo. Consequently, a single constraint was
added to force the model to deliver roughly equal amounts of cargo and passengers within a given

tolerance.
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The ACEP model is now fully “operational”. The last step in the proposed model
development life cycle is to perform one or more post-development validation tests to determine )
" how the model performs with “live” data. ' e
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V. Retrospective Validation Test

As a final step in the validation process, the ACEP model is used to “predict” the airlift
capability of the Operation Desert Shield airlift system. Since the lessons of _the Desert Shield
airlift are one of the driving forces behind the development of the ACEP model, it seems ﬁtﬁng
that the validation process include an evaluation of the model performance using Desert Shield
data. In addition, this airlift operation represents one of the largest and most difficult airlift

operations ever undertaken, providing a good “stress” test for the model.

Validation Criteria

Specific validation criteria were established diring the reconstruction of the model
requirements and are documented in the ACEP Model Requirements Specification (Appendix A).
The primary objective of the model is to “obtain reasonable estimates of the number and type of
aircraft needed . . . and identify bottlenecks in the airlift system” (excerpt from ACEP Model
Requirements Specification). Speciﬁcally, four aspects of the model were chosen as the moét |
important features for validation purposes: |

(1) Ease of use. Information that is required for input to the model must be easily
obtainable from sources already available in the planning process and not require
extensive transformations prior to input. _ |

(2) Response time. The model must provide a solution to a problem of realistic size within
areasonable amount of time. While any quantification of this criteria is purely arbitrary,
aeasonable goal may be to provide a solution to a 30-day planning problem within 30
minutes of CPU time on a VAX minicomputer. ’

(3) Accuracy. The model must be able to detexminev the mburces required to perform an
airlift flow within plus or minus 10 percent of the actual requirements. This criteria
represents a compromise by the modél sponsor in thata higher degree of accuracy,
while certainly desirable, requires an unreasonable amount of effort in both obtaining
input data with a corresponding degree of accuracy; and in finding an optimal solution.
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(4) Output. The output from the model must clearly state the optimal resource
requirements, expected shortfalls, the most valuable aircraft types, and identify the
major airfield bottlenecks in the system.

The first two criteria — ease of use and response time — become very important when the model is
used during execution planning, which is the more demandigg use 6f the model. Note that the

' validation criteria are established duriny the requirements analysis stage of the life cycle and are

chosen by the model user - not the model developer — to represent the most important goals of the
model.

Scenario

~ At 0100 (Kuwait time) on 2 August 1990, three Iraqi Republican Guard divisions began a
ground assault into the neighboring country of Kuwait. At the same time, special forces from
Iraq attacked Kuwait City and the Amir’s palace. By 1900 the same day, the country was all but
lost and Iragi forces began massing in an apparent threat to advance into Saudi Arabia. President
Bush ordered the start of operation Desert Shield [Conduct of the Persian Gulf War, 1992: 1].

One of the primary military objectives of Desert Shield was to develop a defensive capability

in the Persian Gulf region to deter Iraq from further attacks [Conduct of the Persian Gulf War,
1992: 40]. The Military Airlift Command (MAC — the predecessor to AMC) was faced with the
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problem of moving an unprecedented military force halfway around the world in as short a time
as possible. Figure 12 shows an overview of the airlift system on a regional map. Virtually half
the fleet of strategic transport aircraft owned by MAC as well as civil reserve aircraft were used in
the airlift. After six months of almost round-the-clock airlift, more than 500,000 troops and
544,000 tons of cargo had been moved .[Conduct of the Persian Gulf War, 1992: E-9].

The Desert Shield Model .

The operational ACEP model is used to predict 30 days of Desert Shield operation. Since
~ detailed records on the first 30 days are difficult to find, the input data represents the daily or
~ monthly (as appropriate) average over the first 180 days of the operation, and only sustained
UTE rates are enforced. Each time unit in the model represents one day in the airlift.

Airfield Resources. The ACEP model of the Desert Shield deployment uses 15 primary
airfields. The on-load airfields are located in the continental United States and Europe. The off-
load airfields are all located in Sandi Arabia. Table 10 lists the International Civil Aviation
Organization (ICAO) designators, locations, capacities, and primary uses of the 15 airfields.

TABLE 10
Desert Shield Airfield Resources
(Source: AMC/XPYR)

ICAO . Maximum on Throughput Capacity
KDOV  Dover AFB,DL C-5Base/On-load Unlimited 5,000 15,000
KCEF Westover, MA Enroute Unlimited N/A N/A
KCHS  Charleston AFB, SC C-141 Base . Unlimited N/A N/A
KWRI McGuire AFB,NJ  Enroute Unlimited N/A N/A
KFOE Fort Riley, KS On-load Unlimited 5,000 15,000
KNON  Notional U.S. On-load Unlimited 5,000 15,000
EXXX  Notional Europe Enroute 500 N/A N/A
EDAF Frankfurt, Germany On-load 144 5,000 15,000
EDAR Ramstein, AB On-load 42 5,000 15,000
LETO Torrejon, AB Enroute 160 N/A N/A
LEZA Zaragoza, AB Enroute 24 N/A N/A
OEDR Dhahran, SA Off-load 40 2,500 11,000
OEJIB Jubayl, SA Off-load 15 1,500 7,300
OEDF King Fahd, SA Off-load 40 1,400 4,100
OEKK  King Khalid, SA Off-load 31 450 1,600
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The EXXX and KNON airfields are notional for a number of European and U.S. airfields
(respectively) with significant involvement in the airlift. The MOG information represents an
aggregation of parking and worldng MOG at each airfield.

Primary Routes. The 32 primary routes used by the airlift aircraft included as many as six
stops to cover the 7,000 to 10,000 miles between the U.S. and the Mideast and return. Inthe
GAMS model, aroute consists of 2 sequence of airfields with the first and last airﬁeld being the
operating base of the aircraft. The second stop is normally the on-load airfield. A typical ACEP
representation of a route is shown in Table 11. The flight time between airfield pairs must be
included to compute UTE rates. For the route in Table 11 (rouie R001 in the model), the round
trip mission requires approximately 13.7 hours of flight time during the first 24 hours, 17.2
hours during the second 24 hours, and 6.6 houxsvon the third day. Similarly, the delay at eéch
stop must be known to compute the time period after the start of the route when each airfield will
be visited. The ground time at each stop is a function of the aircraft type and the purpose of the
stop. In the case where more than one type of aircraft can use the same route, the flight times and
ground times are averaged rather than including separate routes for each aircraft type. This is
done to help reduce the size of the model so that the required response time may be met
(Appendix D contains a table of flight times betwéen airfields and ground times).

TABLE 11

Typical Desert Shield Route
(Route #1 — C-5 only)

Start Endor Fly Ground Cumulative Day of
Rome_Lng Airfield Activity Time Time Time Visit

KDOV KFOE 3.1 3.10 [0]
KFOE On-load 4.25 7.35
2 KFOE KCEF 3.1 10.45
KCEF Enroute 3.25 13.70
3 KCEF LETO 7.5 21.20
LETO Enroute 3.25 24.45 (1]
4 LETO OEDR 70 31.45
OEDR Off-load 3.25 34.70
5 OEDR LETO 8.2 42.90
LETO Enroute 3.25 46.15
6 LETO KDOV 8.6 54.75 (2]




-

~ Note that each airfield visited on afoute is affected by the visit for an entire unit of time. For
example, in the Desert Shield model (one time unit = one day), the MOG and throughput (when
applicable) available at each airfield visited on each day of the mission is reduced for the entire
day. Using smaller units of time reduces the effect but increases the size of the model. This
demonstrates another of the trade-offs that must be made between modeling accuracy and modf;l
size. o |

Aircraft Resources. The C-5 Galaxy and C-141 Starlifter represented the primary strategic
airlift capability of the U.S. Air Force during the conflict. In addition, aircraft from the civil
reserve air fleet (CRAF) were activated for duty throughout the operation. Table 12 lists the
primary strategic airlift available and also lists the preferred cargo type and maximum designed
capacity, and non-preferred cargo type and capacity where appropriate.

TABLE 12
Desert Shield Aircraft Resources
(Source: AMC/Command Analysis Group)
Aircraft Preferred =
—Lype Home Airfields Catgnlm
C5 KDOV,KNON, 68.9 tons Passengers 75
EDAF Bulk 68.9 tons Passengers 75
C-141 KCHS,EDAR Bulk 27.5 tons Passengers 10
Passengers 136 '
CRAF747 KDOV,KNON Bulk 87.3 tons
Passengers 365
CRAF707 KDOV,KNON Bulk 41.1 tons
CRAFDC-10 EXXX Passengers 235

Note that while the home base of the aircraft is known, the Desert Shield schedulers often
repositioned aircraft to take advantage of available crews. Consequently, the aircraft availability
and UTE constraints are enforced only over aircraft types, and not by operating base. Table 13
lists the total number of each type of aircraft available for Desert Shield missions during the first
six months, the MOG used by each aircraft type, and the objective sustained UTE rates.

Movement Requirements. The movement requirements are divided into three classes:
outsize cargo, bulk cargo, and passengers. Oversize cargo is included with the bulk cargo
because the amount of oversize cargo is not normally known during deliberate planning. The
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TABLE 13
Desert Shield Aircraft ~ Number, MOG and UTE
(Source: AMC/Command Analysis Group)
Aircraft Number MOG Objective
_Type Available Used UTE Rate
C-5 112 2.0 9.0
C-141 230 1.0 10.0
CRAF 747, 20 2.1 10.0
CRAF 707 15 1.0 10.0
CRAFDC-10 5 2.0 10.0

units from which the requirements originate are notional. Each combination of on-load airfield
and off-load airfield is represented by a unit. The data was obtained by working backward from
a list of the actual airlift requirements for a typical 30 day period. Table 14 shows the notional
units used to represent the valid combinations. The outsize and bulk cargo requirements are
expressed in tons. Note that the average monthly capability of the Desert Shield airlift was
61,203 tons of cargo and 71,167 passengers. Thus the total amount of air'ift requirements in
each category exceeds the capability of the system by some 25,000 tons of cargo and 7600
passéngers, as was typical throughout most of the first 180 days.

TABLE 14

Notional Desert Shield Military Units and Requirements
(Source: AMC/XPYR)

Unit On-Load Off-Load

U01 KFOE OEDR 5,670 6,500 6,850
v02 KFOE OEJB 3,276 2,800 3,536
vo03 KFOE OEDF 2,646 25,930
U4 KFOE OEKK 3,375

U05 KDOV OEDR 36,378 25,160
vo06 KDOV OEJB 4,582 2,176
vo7 KDOV OEKK 9,704 5,168
vo0s EDAF OEDR 1,764 2,079 7,178
U9 EDAF OEIB 882 252 1,224
U10 EDAF OEKK 882 567 1,564
Ull EDAR OEDR 3,393

UI12 EDAR OEJB 1,034

U13 EDAR QEKK 1,307

TOTALS 15,120 71.971 78.786
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Analysis of Model Performance

 To begin the task of evaluating the performance of the Desert Shield model against “live”
data, the model was solved using the primary objeciive function of minimizing shortfall, The
model’s performance in solving this probiem was evalvated against the established validation
criteria in four areas - ease of use, response time, accuracy, and output. |

Ease of Use. Information that is required for input to the model must be easxly obtainable
from »sourcm already available in the planning proces3 and not require extensive transformations
prior toinput. For the most part, all of the information required to generate a solution to a given
airlift scenario is easily available to the airlift planmers. The model is flexible in that it can
accommodate almost any level of detail. In general, more detailed information on the movement
requirements, airfield support capacities, and pickup time windows should tkwult in a more
accurate solution, but even very rough and incomplete infosmation can be used to build a model
that provides some useful information. Some parameter Gata for the model r:nay be difficult to
develop, however. For example, the parking MOG for each airfield is relatively constant and can
be found in a directory of airfields, but working MOG is dependent up6n many factors including
any simultaneous support the airfield must.provide to aircraft not involved in the airlift under
study. _ _ '

To fuﬂy utilize the power of the model requires a significant amount of data preparation.
Each route must be analyzed in a manner similar to Table 11, where the flight tiine between
airfields and ground times during stops are estimated. In addition, when the flight times and
ground times differ significantly by aircraft type, a separate route should be included for each type
of aircraft that can fly the route. This can greatly increase the number of routes required. Overall,
however, the amount of data preparation required to develop a solution to an airlift of the
magnitude of Desert Shield was not unreasonable. The real judges of how easy the model is to
use are the airlift planners at AMC.

Response Time. The model must provide a solution to a problem of realistic size within a
reasonable amount of time, with a plausible goal being to provide a solution to a 30 day planning
problem within 30 minutes of clock time on a minicomputer. The GAMS code executed to obtain
asclution to the Desert Shield scenario contaihed two models ~ the first to minimize shortfall, and
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the second to maximize‘ﬂow using the same data. On average, an optimal solution was found and
reported by GAMS in appfo:dmately 25 CPU minutes running on 8 VAX 11/785 minicoinputer.
The primary factors in the solution time of any linear program are the size of the model (in
terms of the number of variables and the number of constraints), and the density of the constraint
matrix. Table 15 shows the model size and density of the two GAMS models. The number of
. constraints in the model is primarily a functivn of the number of movement requirements, routes,
aircraft types, and time periods. Of these, the airlift planner really only controls the tiine periods
used by deciding on the unit of time.” A smaller unit of time will result in more constraints and a
larger model. The number of variables is also a function of the movement requirements, routes,
aircraft types, and time periods, as well as the cargo classes. However, the number of variables
which are candidates to become basic (nonzero) in the solution is controlled by the pickup
window of the requirements (DELTA). Thus, tighter and more detailed pickup windows will also

constrain the solution, resulting in a reduced solution time.

TABLE 15
Desert Shield — Model Size and Density

Number of Number of Constraint

Minimize Shortfall 3028 2020 0.00579
Maximize Flow 3001 1993 0.00565

" Accuracy. The accuracy of an airlift model can be difficult to determine even when
compared against historical data for two reasons. First, the model provides an gptimal solution
to a given problem, whereas the historical solution is proven only to be feasible. Thus, even if
the model is a perfect representation of the real problem, the model solution may be very different
from the historical solution. Second, there is likely to be a large number of feasible model
solutions with objective function values equal to (alternative optimal solutions) or nearly equal to
the one optimal solution reported. Any detailed analysis of the solution must consider these facts.

The primary solution characteristics of interest are the total amount of cargo and passengers
delivered (the airlift capability of the system), the size and composition of the fleet of transport
aircraft used and (to a lesser extent) the utilization of the aircraft and, finally, the airfields whick
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are bottlenecks in the system. Where the characteristic can be quantified, the goal of the model
sponsor is to predict the characteristic to within 10 percent of the “real” value. The first step is to
solve the model and compare the model solution to the Desert Shield operation. The model
solution to the Desert Shield airlift problem is compared to factual data in Table 16.

TABLE 16

ACEP Desert Shield Solution Summary #1
(Using Maximum Designed Aircraft Capacities)

ACEP Desert

Solution Characteristic ‘Minimize Cost Shield
Objective Function Value 143,340.89 337,030 *
Total Number of Missic.'s 1200 1960

*Estimated by plugging the average D.S. snortfall and number of missions into the Min Cost Obj Function.

Figure 13 shows graphically a comparison of the amount of cargo and passengers delivered.

The model has found a solution which delivers 10.7% more passengers, 19.1% more cargo, and '

ACEP Objective: Minimize Shortfall

. : . . I
80,000 — Aircraft Payload Maximum Designed Pa_ly oad

Desert Shield
-1 ACEP Model

Passengers Cargo
Desert Shield* 71,167 61,203
ACEPModel 78,786 72,877

* 30 day Average over the first 130 days

; Pengers Cargo
Figure 13. Comparicon of Amount Delivered (Max Aircraft Payload)

uses 38.7% fewer missions than the actual operation. Also, the way in which ACEP uses the
aircraft to deliver the cargo is very different from the way it was actually accomplished. Figure
14 shows a comparison of each aircraft’s share of the total number of missions flown over the six
month period. The information is aggregated into four aircraft categories — C-5, C-141, Wide
Body (WB) which represents the CRAF 747 and DC-10 aircraft, and Narrow Body (NB) which
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ACEP Objective:
Aircraft Payload:

Minimize Shortfall
Maximum Designed Payload

NB (7%) C-141
(13%)
Desert Shield (6 month average) ACEP Model
Figure 14. Percent of Total Missions by Aircraft Type
ACEP Objective: Minimize Shortfall
Aircraft Payload: Maximum Designed Payload
NB- oy Py o e s,
Passenger
(1%)

Desert Shield (6 month average)

ACEP Model

Figure 15. Percent of Total Passengers Carried by Aircraft Type

ACEP Objective:
Aircraft Payload:

Desert Shield (6 month average)

Minimize Shortfall
Maximum Designed Payload

C-141
(%)

ACEP Model

Figure 16. Percent of Total Cargo Carried by Aircraft Type
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 represents the CRAF 707 aircraft. It is evident from Figufe 14 that the model tends to favor the
C-5 aircraft and avoids use of the lowér—capacity C-141 and narrow body 707 aircraft. Similarly, |
Figures 15 and 16 show the share of passengei's and cargo, respectively, carried by each a1rcraft

| type in both the Desert Shield airlift and the model solution. Again the model solution relies‘

| heavily on the C-5, and uses none of the available 707 aircraft. Finally, Figure 17 presents a

comparison of aircraft utilization. Again, it is clear that the model favors the high-capacity C-5

~and wide body CRAF aircraft over the C-141 and narrow body CRAF aircraft.

Minimize Shortfall

ACEP Objective:
Aircraft Payload: Maximum Designed Payload
105 - 98.2 gumn103-3 ,
-1 = Average Number Desert Shield
in USC s ACEP Mw‘el

Achieved UT
C-5 5.6 8.2
C-141 6.1 0.5
WB - 10.7 8.4
0.0

NB 11.1

C35 C-141 WB
Figure 17. Summary of Aircraft Utilization (Max Aircraft Payload)

The rgSults of this initial model beg the question: Why did the airli % planners in Desert
Shield schedule nearly 2000 missions each month using an averagé of 184 aircraft each day when -
a substantially greater amount of cargo and passengers can be delivered with 40% fewer missions
| and 50 fewer‘éircraft? Obviously some important considerations in the scheduling process that
determine the size and composition of the fleet necessary to perform a real airlift like Desert Shield
are not accounted for in the model.

At least part of the answer lies in the apparent inability of the load planners to fully utilize the
payload capabilities of the aircraft. Table 17 compares the maximum designed payload of the
strategic airlift force with the average payload achieved in Desert Shield. A new ACEP model
- was developed and the results of using the actual achieved payload information in the modél
shows that the model does a rema_rkéble job of predicting the flow capability of the airlift system,
but achieves the flow with a significantly different fleet of aircraft.
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TABLE 17

Desert Shield Achieved Payloads
(Source: AMC/Command Analysis Group)

Aircraft

C5*
C-141 **

WB 747
NB 707

WB DC-10
* 24 of the 75 passenger seats on the C-5 (non-preferred cargo) were filled on average.

Outsize/Bulk

Maximum Desert Shield
Designed Payload Achieved Payload
68.9 tons 62 tons
27.5 tons 19 tons
136 112
87.3 tons 75 tons
365 286
41.1 tons 24 tons
235 180

*¥ (C-141 aircraft carrying bulk cargo also carried 10 passéngers on average.

Table 18 compares the ACEP solutions obtained using the maximum designed payloads
from Table 12, the Desert Shield achieved payloads from Table 17, and the actual Desert Shield

solution which is based on historical records from the airlift.

TABLE 18

ACEP Desert Shield Solution Summary #2

Aircraft Payload——

Salution CI . Maxi | Act q
* Objective Function Value 143,340.89 318,482.75
Passengers Delivered 78,786 72,141
Tons of Cargo Delivered 72,877 62,041
Total Number of Missions 1200 1530
Average Number of Aircraft 133 169

The delivery capability of the new model solution using the achieved aircraft payloads is
much closer to Desert Shield figures. The model is able to predict the number of passengers
delivered to within 974 passengers (1.7%) and the amount of cargo delivered to within 838 tons
(1.4%) of the actual 30-day average. The model’s prediction of delivery capability is now well
within the specified accuracy tolerance of 10 percent, but to achieve this accuracy the model must
be developed using an accurate estimate of the achievable cargo load for each aircraft type. In
addition, the fleet of aircraft used in the new model solution is still largely comprised of C-5 and
CRAF wide body aircraft. Since the larger aircraft carry greater payloads per mission, fewer
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ACEP Objective: Minimize Shortfall
oo Aircraft Payload: = Desert Shield Average
105 — 103.0 oy 103.3 _ ,
d  Average Number B Desert Shicld

in Use ACEP Model

Achieved UTE
i ACEP .
C-5 5.6 8.7
C-141 6.1 2.1
WB 10.7 9.5
NB = 111 0.0

C-5  C-14l NB
Figure 18. Summary of Aircraft Utilization (Achieved Payload)

missions are required. This is the major reason why 23% fewer missions are needed in the
model solution. Figure 18 summarizes the utilization of aircraft m the new model soluﬁom

There are a number of factors that could explain the remaining differences in the solutions of
the model and the Desert Shield planners. Some of the possible factors are identified in the final

report to Congress on the Persian Gulf war. These are:

o Nearly 60 percent of the cargo delivered by airlift was oversize and could not be carried

by commercial (CRAF) cargo aircraft [Conduct of the Persian Gulf War, 1992: F-38].

. The US. provided substantial airlift resources, primarily C-5s, to other Coalition
members, limiting the number of C-5s available for carrying UsS. éargo and paSsengets
[Conduct of the Persian Gulf War, 1992: E-9]. |

i ——————-———0ther possible factors which might increase the utilization of C-141 aircraft are identified by

Major Killingsworth in “Estimating and Supporting Future Airlift Forces” [Killingsworth, 1991].
 He describes a number of oﬁeﬁﬁonal constraints that limited the deployment even before the |
number of aircraft available became important. These are: _ '

* The inability of the airlift customers to keep up with the airlift. In the early stages, aircraft
and aircrew were positioned at the on-load airfields faster than the users could generate
loads. The result was “backlogs of MAC aircraft waiting to be loaded . . . on ramps all
over the country” [Killingsworth, 1991: 20). This rush to load aircraft and get them in
the air would favor the lower-capacity C-141 aircraft.
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» Lack of an in-theater crew stage base and “burn-out” of the aircrew. “Eventually, the
high utilization rates started taking a toll, as aircrews pushed their 30- and 90-day flying
hour limitations — a situation that was exacerbated by the lack of an in-theater stage crew
operation (a base in Saudia Arabia where fresh crews would be available for flying the
return leg of the mission)” [Killingsworth, 1991: 20]. While there is no direct evidence
that aircrew factors limited the use of the C-5, it is likely that some effort was made to
spread the flying hours evenly among the available crews to avoid “burn-out”, Again,
this would tend to favor the more numerous C-141 aircraft over the C-5.

Usiné this new information, a new ACEP model was developed and solved which limited

the utilization of the C-5 aircraft to the average 6-month UTE rate achieved in Desert Shield. The
resuls are presented in Table 19.

TABLE 19
ACEP Desert Shield Solution Summary #3

— Aircraft Payload — Limited Desert
Snlnnnnﬂharacmnstm Maximum  Achieved C-S UTE  Shield
Objective Function Value 143,340.89 318,482.75 325,852.84 337,030

Passengers Delivered 78,786 72,141 71,761 71,167
Tons of Cargo Delivered 72,877 62,041 61,715 61,203
Total Number 'of Missions 1200 1530 1840 1960
Average Number of Aircraft 133 169 189 - 184

The model soluti!on is now roughly equal to the solution used in Desert Shield. Figures 19
and 20 show that the aircraft utilization and the contribution of each type of aircraft to the airlift
are approximately equal. However, to achieve this solution the C-5 aircraft UTE rate must be
constrained below the maximum sustained rate. _

The new solution provides a valuable discovery — the Desert Shield solution is a feasible
solution in the model! Had it not been so, the validity of the model would be much harder to
justify. However, to achieve the Desert Shield solution using the model, factors such as loading
delays and aircrew “burn-out” have been incorporated indirectly by adjusting the C-5 UTE rate.

It is unclear to what extent airlift planners would have advance knowledge of such factors.
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ACEP Objective: Minimize Shortfall
Aircraft Payload: Desert Shield Average

105 - o 103-3 E
;902 B Desert Shield
Av Number '3 ACEPModel
in Use _
Achie_ved UTE
Cc-5 5.6 5.6
Ghog
19.3 . X
' = KX “4 NB 11.1 10.0
o :

C5 Cl14d WB NB

Figure 19. Summary of Aircraft Utilization (C-5 UTE = 5.6)

ACEP Objective: Minimize Shortfall
Aircraft Payload:  Desert Shield Average

Desert Shield (6 month average) ACEP Model

Figure 20. Percent of Total Missions by Aircraft Type (C-5 UTE = 5.6)

The model was more consistent in identifying the airfield botlerecksin the system. Each  +

model solution was approximately the same in this regard. The bottlenecks identified by the
model in each of the throughput constraint categories — cargo and passenger throughput — are
presented in Figures 21 and 22. Note that only King Khalid airfield (OEKK) reached a limit, but
the marginal value of the throughput constraint at this airfield indicates that a significant
improvement in objective function could be experienced by increasing the cargo handling
capability (MHE) of the airfield. The final report to Congress on Desert Shieid states that
shortages in some types of MHE at the 6ff-load airfields (specific airfields not identified) resulted
in extended ground times early in the airlift [Conduct of the Persian Gulf War, 1992: F-25].
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ACEP Objective: Minimize Shortfall
Aircraft Payload: Desert Shield Average
Cargo Throughput Used (Percent of Maximum Marginal
100 e ghp ( ) Value
""""""""" === B OEKK 503.1
KDOV EDAF OEDR OEKK
KFOBE EDAR OEJB OEDF
Figure 21. Summary of Airfield Cargo Throughput
ACEP Objective: Minimize Shortfall
Aircraft Payload: Desert Shield Average
Passenger Throughput Used (Percent of Maximum) Marginal
100_ ger Throughput U Value
RDOV_ — EDAF — _OEDR  OEKK
KROE HDAR - OEJB OEDF
Figure 22. Summary of Airfield Passenger Throughput
ACEP Objective: Minimize Shortfall
Aircraft Payload: Desert Shield Average
Airfield MOG Used (Percent of Maximum Marginal
100 ® ) . Yalue
1 . LETO 0.2
LEZA 0.1
OEDR 15,970.9
OEJB 3,499.2
OEKK 0.1
L f L OEDF 44.1
AF EXXX LEZA OEJB OEDF
KCEF KWRI KNON EDAR LETO OEDR OEKK

Figure 23. Summary of Airfield MOG

Many of the enroute airfields and all of the off-load airfields in Saudi Arabia reached their
MOG limits at some time during the planning period of the model. Figure 23 provides a summary
of the utilization of MOG (parking and working MOG) at each airfield and the aggregated
marginal value for each airfield that reached 100 percent of MOG capacity. The airfields ar- listed
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with the on-load airfields on the left, the enroute airfields in the middle, and.the off-load airfields
on the right. The graph rﬁakes it very obvious that the enroute and off-load airfields represent the
primary bottlenecks in the airlift system. The marginal values indicate that the most critical of the
MOG-constrained airfields are the off-load fields in Saudi Arabia. In fact, the marginal va'ue for
Dhahran (OEDR) indicates that the objective function cah be improved by as much as 15,970
(5%) simply by increasing the MOG at this airfield by one unit actoss the 30 days (again this
assurnes no change in the optimal basis — the actual improvement is 10,664.0). The model’s
identification of these airfields as the most critical bottlenecks in the airlift matches well the
situation found in Désen Shield [Conduct of the Persian Gulf War, 1992: E-8].

To summarize the findings on the accuracy of the ACEP model, the model seems to perform
well with the limited information that would be available to airlift planners during deliberate
planning only in predicting the flow capability and the airfield bottlenecks. Even in the deliberate
planning mode, an estimate of the operational payload capability of the aircraft must be known.
When additional information is available about loading delays, aircrew utilization, oversize cargo
requirements, and other facters limiting the availability of aircraft to perform airlift missions such
as support to allied forces, then the model is also able to predict the size, composition of the _irlift
fleet needed and the expected utilization of the fleet. - '

Output. The GAMS modeling language ": a powerful tool in manipulating and presenting
the model solution. GAMS builds a database of information on the model solution that includes
records on each variable and equation [Brooke et al., 1988: 21].- Tl_xére are four fields within each
record which are updated by GAMS when a solution is returned from the solver. These fields
are:

(1) lower bound on variable or constraint right-hand-side;

(2) the current (or optimal) level of the variable or constraint;

(3) upper bound on variable or constraint right-hand-side; and .

(4) the marginal or dual value of the variable or constraint. =~
GAMS allows the modeler complete read- and write-access to the database, making the

transformation and display of the solution easier. For example, the following information is
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coxhputed on the ACEP Desert Shield model solution by manipulating the database (see Appendix
F, ACEP Desert Shield Solution):
 PAVAIL - the maximum number of each type of aircraft used at any time during the
model planning period. |
.« AAVAIL - the average number of each type of aircraft used during each UTE period.
e MAVAIL - the marginal value of each aircraft type summed across meplanhingperiod.
o PCTHRU/MCTHRU - the maximum cargo throughput used (percent of available) and the
aggregated marginal value at each on-load and off-lead airfield.
¢ PPTHRU/MPTHRU - the maximum passénger throughput used (percent of available)
and the aggregated marginal value at each on-load and off-load airfield.
* PMOG/MMOG - the maximum MOG used (percent of available) and the aggregated
marginal value at each airfield.
. TOTAMT - total amount of cargo and passengers waiting for airlift.
* UTOTAL - total shortfall in each cargo class.
+ DTOTAL - total amount of cargo and passengers delivered over the planning period.
» SORTIES - number of each aircraft type scheduled to begin an airlift mission on each day
in the planning period (schedule of airlift missions). '
« TOTALS — number of airlift missions performed by each aircraft type.
« TSORT - total number of airlift missions performed. :
o MIXTURE - percent of total number of missions flown be each aircraft type.
« PERCENT - percent of total amount in each cargo class delivered by each aircraft type.
¢ ACTUTE - actual UTE rate achieved by each ai type in the solution.
o FLYRATE - average number of flight hours accumulated per day by each aircraft type.
This information is very useful in analyzing the airlift problem and the ACEP solution. For
example, the “fly rate” can provide valuable information about how well the airlift problem has
been modeled. The fly rate for an aircraft can be defined as the average daily flight time
accumulated by the aircraft actively participating in the operation. Fly rate is primarily a function
of the routes and the cycle time. Comparing the ACEP fly rate to the actual average flight time for
each aircraft type in Desert Shield reveals how well these aspects of the problem have been

54




modeled. Table 20 provides a comparison of the fly rates in the third (and most accurate) ACEP
model to the fly rates achieved in Desert Shiéld. In this case, the fly rates of the model solution
are consistently low, indicating that the cycle times used on the routes are too high. However, a
non-integer cycle time must be used to model the fly rates accurately, and a non-integer value for
 this parameter is not allowed in the GAMS model implementation. One way to improve the
accuracy is to use smaller units of time, but this increases the size of the model dramatically.

TABLE 20
Comparison of Fly Rates

Aircraft ACEP Desert
—Type Model Shield

C-5 9.6 104

C-141 10.2 11.9

WB 10.1 10.7

NB . .10.3 11.1

In conclusion, the retrospective test applied to the ACEP model provided valuable insight
into the expected performance of the model in a sustained airlift situation. The model is relatively
easy to build and solve, and solutions to the 30-day problem examined were computed relatively
quickly. In addition, the GAMS modeling language provides a powerful medium for examining
the model solution. On the other hand, the accuracy criteria specified by the model sponsor was
largely not met with only deliberate plamﬁng information. When the operational payload of the
aircraft can be estimated, then the model may provide an accurate (within 10 percent) estimate of
the flow capability of the airlift system and help identify and rank order the bottlenecks in the
system. When additicnal information is available, such as loading delays and aircrew availébility,
then the model may also be able to provide an estimate of the fleet size and composition. Specific
recommendations on the vse of the ACEP model for airlift planning are made in the next chapter.
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V1. Recommendations and Conclusion

The ACEP model has now been through one full iteration of the proposed model
development life cycle. Many iterations may be required to validate the model to the sponsor’s
satisfaction, and new iterations should be performed to maintain the model. However, if the
validation process has been successful, then the mddel will have already reached alevel of
maturity such that it can make a significant ~ontribution to the irlift planning problem. To
concludg the research, the validation paradigm used on the ACEP model is reviewed followed by
a summary of the validation findings. Specific recommendations are made on the use of the
ACEP model for airlift planning. Finally, recommendations for further research into the
validation pfoblem as well as the airlift planning problem are given.

Review of the Validation Paradigm ,

The focus of this reszarch included two main issues. The first of the two major problems
was to propose a methodology for evaluating the validity of an existing model. The methodology
proposed includes a new model development life cycle and techniques for applying the life cycle
to existing models. ’

Overview of New Life Cycle. The model development life cycle proposed as part of the
validation process includes four stages which are designed to provide a controlled transformation
of the model from its conceptual form to an operational form that solves the “right” problem. The
full life cycle is shown once again in Figure 24. While maintenance of the model could be
included as a fifth stage, it is more proper to consider the maintenance process as 2 microcosm of |
the full life cycle. Each of the stages is summarized as follows:

(1) Requirements Analysis. The primary goal of this stage is to analyze and document the
problem or situation being modeled and the model sponsor’s requirements for solving
the problem. The validation process is started here by establishing specific criteria for
the performance of the model and identifying the post-development tests that will best
determine the validity of the model, |
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Figure 24. Model Life Cycle Paradigm

| (2) Model Désign (formulation). The outcome of this stage of the process is a conceptual
model. Again, the model design must be documented to provide the necessary
continuity in the life cycle process. The conceptual model details the modeling approach
~ taken and the assumptions reqmred to use the approach. |

(3) Model Implementasion. After the conceptual model has been verified to meet the needs
of the modél sponsor, it must be implemented in an operational (i.e. executable) form.
The main validation goal of this stage is to ensure that the operational model is a valid
representation of the concepiual model. "

(4) Operational Validation. Finally, the performance of the model on a “live” s1tuanon or set
of data is compared to the criteria established in the requirements analysis stage. If all
criteria are meet, then the model is ready for use. Otherwise, the life cycle is
backtracked to the point where corrections can be made to meet the criteria.

This four-stage life cycle offers significant advantages over the traditional model
development approach discussed in Chapter II. First, the model formulation is divided into two
distinct phases — analysis of requirements and model design. This places more emphasis on the
investigation of requirements in the beginning, increasing the chances that the operational model
will be “useful” to the model sponsor. Second, the results of each stage of development are
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documented. This allows for a “face validation” of the mod. - earlier and more often. In addition,
the transformation from conceptual model to operational model is more controlled. Finally, the
documentation makes maintenance and use of the mode! easier and an indep‘endent evaluation of
the model possible. The proposed life cycle can be applied to existing models as well.

Life Cycle Recovery Process. In Chapter ITI, techniques were presented for applying the life
cycle to models under development or already developed. These techniques were used to recdver
the missing life cycle documentation so that the advantages of the new, four-stage life cycle could
be realiied. Three approaches were presentad for reconstructing the missing life cycle
documentation: ' | | |

(1) Starting the life cyéle over beginning with the analysis of requirements and ignoring any

previous work or existing models. _

(2) “Backing in” to the missing documentation based upon the existing model and making

changes identified through interaction with the model’s sponsor.

(3) A combination of both approaches. '

The primary lesson of the research is that validation of models is a difficult and tedious
process and cannot be totally separated from the development life cycle of the model. Thus, the
only hope in conducting an independent evaluation of a model is to L.ave (br recreate) documented
mode! requirements approved by the model sponsor, a written formulation that explains how the
requirements are met in coriceptual form, an operational model verified to correctly implement the

formulation, and the results of any previous post-development validation tests perfonﬁed.

Summary of ACEP Validation Findings
The ACEP model proposed by Oak Ridge National Laboratory provided a good case study
of the life cycle recovery process. The results of each stage of the methodology used to validate

the model are summarized as follows:
(1) Recovery of Model Requirements. Model requirements were developed by backing .
into a requirements document and making the changes requested by the model sponsor
at AMC. Additional constraints to account for airfield working MOG and aircraft UTE
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were added to the mode! as a result of the requirements analysis proé&ss. In addition,
- specific validation criteria were established.

(2) Mode! Implementation. The GAMS operational model was validated using three
techniques coﬂecﬁvely called “constraint validation”. Thesg include the development of
a contrived scenario, the examination of the effect of individual constraints, and the use

| of altemati&e objéctive functions. Improvements made to the ACEP model as a result of
the constraint validation process include modifications to the objective function to o
minimize closure, additional constraints to enforce aircraft UTE and availability by
operating base as well as across aircraft types, an additional constraint to offset the
model’s natural tendency to favor the delivery of passengers over cargo, and improved
presentation of the optimal soloution. '

@3) ‘Poslt-Validation Test. The retrospective test used “live” data from the Operation Desert -
Shield airlift to provide further insight into the validity of the model. During the test, the
model solution was compared to the Desert Shield airlift in terms of the model objective

. function, the amount of cargo and number of passengers delivered over 30 days, the
number of airlift missions performed, the average number of aircraft used, and the
contribution of each type of aircraft to the total result. It was discovered that the model
can estimate the flow capability of a Desert Sﬁield-type operation within the required
tolerance as long as the model is built using an estimate of the “operational” payloads of

| the aircraft. In addition, the identification of airfield bottlenecks seetned to be accurate.
On &ie other hand, the optimal aircraft fleet size and composition found by the model
differed significantly from the fleet used in Desert Shield. A number of factors were
found which could explain the difference ~ such as the high percentage of oversize cargo
which could not ve carried by CRAF aircraft. Some of the factors which were used to
explain|the difference required information that would be available only during execution
planning of an airlift. v
- As aresult of the validation findings, the model has been improved. While the Desert Shield
scenario is not ideal for demonstrating all of the improvements made, the new ACEP model |
solution is closer to the actual airlift than the original model solution, as shown in Figures 25 and
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ACEP Objective: Minimize Shortfal!

80,000 =1 Desert Shield
[ New ACEP
[—J OIdACEP
Passengers Cargo I
Desert Shield* 71,167 61,203
New ACEP 71,761 61,715
Old ACEP 76,998 60,535
% 30 day Average over the first 180 days
40,000 | Passengers Cargo
Figure 25. Comparison of Amount Delivered (All Models) o
ACEP Objective: |
105 -~ 97.0 3.3 224 Desert Shield
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Figure 26. Summary of Aircraft Utilization (All Models)
26. In addition, the mode! output has been improved to provide much more concise and useful
information about the model solution, making analysis of the solution easier.
Recommendations for Use of the ACEP Model
The ACEP model was rested against one of the largest, most difficult airlift operations in .7
e

history. However, massive, sustained airlift operations like Desert Shield have occurred only T
once every 40 years or so. Consequently, the model should be tested against more mundane, '

day-to-day airlift scenarios before receiving full accreditation for use on the airlift problem.
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In addition, the two modes of airlift planning — deliberate and execution - have different
and, in many wéys, incompatible requirements. Since the ACEP mode] was developed with both
modes in mind, some compfomises had to be made. Based on this research, the recommenﬂed
uses of the ACEP model as it currently stands are: | |
(1) Deliberate planning. The model should provide reliable results in 1denufy1ng the most
critical airfield bottlenecks in a given airlift system. In addition, the model may be
appropﬁate'for conducting flow capability studies or transpertation feasibility studies
where the size and composition of the aircraft fleet to be used are known or estimated. ;
Whenever possible, and particulaﬂy when CRAF aircraft are involved, the oversize | /
cargo category should be included in the model to increase accuracy.

(2) Execution planning. The model seems to have the greatest unrealized potential in thls
‘mode of planning. Given that the operational payloads of the aircraft can be estimated
‘accurately ahd that aircrew utilization factors can .be accounted fur, then the model may
be used td determine fleet size and composition requirements. The primary limiting
factor is fhe effort required to find an optimal solution as the problem size increases.

Recommendations for Further Research
The life cycle paradigm of modeling is not well developed and requires further research to

reach the mature paradigm available in other engineering fields — such as software engineering.
Some specific recommendations for further research into the life cycle process are:
(1) Develop alternatives to the “waterfall” life cycle. In software"engiheering several
alternative life cycles have been identified that build upon the basic “waterfall” life cycle

and may be more apgropriate under certain circumstances. Examples include:
» the “rapid prototyping” lifz cycle which is used when the requirements for the
software are not well understood. This life cycle focuses the initial effort on
developing a protofype of the envisioned system for the purpose of investigating

further the user’s true needs.
» the “evolutionary” life cycle where the software is developed in increments or

phases.
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These altemnative life cycle approaches seem particularly appﬁcable to modeﬁng and
may be more appropriate than the classic “waterfall” approach.

(2) Documentation standards and configuration management. As mentioned in Chapter I
these topics have received a great deal of attention in the software engineering field, but
almost none in computer modeling. Some specific questions that might be addressed
include: '

» Which models need to go through the rigorous life cycle process? If the model’s
intended use is very limited, then certainly the need for a rigorous, documented
process could be questioned.

» What should be documented in each stage of the life cycle and how are the
documents updated when a change is made to the model?

« How much should the model sponsor be involved in each stagé of the life cycle?

The ACEP validation effort has also yielded some areas where further research on the

modeling and solution approaches seems warranted. These are:

(1) InChapter V it was discovered that non-integer cycle times on the routes may result in a
more realistic modeling of the delays associated with post-mission aircraft maintenance
and crew rest. The model should be modified to allow aitlift planners to use non-integer

. cycle times. |

(2) AMC should consider splitting the model into two models, each developed further to
meet the needs of the two types of airlift planning — deliberate and execution. The
current ACEP model was developed for both situations and is a compromise of the
needs of the two modes of operation.

" (3) The model could be modified to include the “direct delivery” concept that has been
identified by many as the primary advantage of the new C-17 aircraft (see Cooke, 1984;
Miller, 1988; Streater, 1988; Ulsamer, 1984). This model must incorporate the
Required Delivery Date (RDD) and account for the travel time between the off-load
airfield and the final destination of the passengers and cargo (Appendix A, Section 5.2).

(4) As mentioned in Chapter I, other heuristic techniques for finding good, integer

solutions should be investigated. Some techniques from the literature which seem
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especially promising are simulated annealing and Lagrangian relaxation. These
techniques offer efficient solution algorithms for finding integer solutions to large

problems in a reasonable amount of time.
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Appendix A: Model Requirements Specification for the _—
Airlift Capabilities Estimation Prototype (ACEP) \

1.0 OVERVIEW

The Airlift Capabilities Estimation Prototype (ACEP) is a deterministic model that
provides rough estimates of the resources needed to perform an airlift operation. The ACEP
model is used in two modes: (1) during the early stages of deliberate planning when only
approximate information on the mobility requirements is available and the response time of the
model is not critical; and (2) during execution planning to obtain quick estimates of resources
after a modification of mobility requirements. In the second mode, the response time of the
model is critical. The output of the model is used for further planning or as the initial estimate
of resources required to start more detailed analysis of the problem.

2.0 APPLICABLE DOCUMENTS .
2.1 AFR 28-3, USAF Operations Planning Process. |
2.2 Busch, Ingrid K. and Michael R. Hilliard. An Airlift Capabilities Estimation Model

for the Military Airlift Problem. Operations Research Group, Center for Transportation

Analysis, Oak Ridge National Laboratory, 1992.

2.3 Gearing, Capt Rick, and Maj Jim Hill. “UTE Rates Revisited,” Airlift: 18 - 21
(Spring 1988). '

2.4 Hilliard, Michael R., Réjendra S. Solanki, Cheng Liu, Ingrid K. Busch, Gleu
Harrison, and Ronald D. Kracmer. “Scheduling the Operation Desert Storm Airlift: An
‘Advanced Automation Scheduling Support System,” Interfaces, 22: 131 - 146 (1992).

2.5 MAC Regulation 55-28. |

2.6 Smith, Maj Ronny C. “Station Capability,” Airlifi: 14-16 (Winter 1985).

3.0 PROBLEM SUMMARY

The airlift planning problem can be described as follows: it is desired to transport a
known amount of cargo and passengers from a set of on-load airfields, through a sequence of
enroute airfields, to one or more off-load airfields within a specified amount of time. A fleet of
heterogeneous aircraft is assigned to perform the airlift, and a set of possible routes to move the
cargo from origins to destinations is available. There are many conflicting objectives and
constraints in the problem and many formulations are possible. In addition, problems of
practical size and importance involve dozens of airfields, hundreds of movement requirements
and aircraft, and span over a planning horizon of 90 days or more, making the resulting
problem difficult to solve.

4.0 MODELING OBJECTIVE

The primary objective of the ACEP model is to obtain reasonable estimates of the number
and type of aircraft needed to perform a specific airlift operation. In addition, the model should
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be able to identify bottlenecks in the airlift system that are the limiting factors in achieving an
optimal flow of cargo and passengers through the system.

4.1 PRIMARY OPTIMIZATION GOALS.

The primary optimization goal of the ACEP mode! is to minimize shortfall — the amount of
cargo and passengers left undelivered at the end of a specific planning period. :

42 SECONDARY OPTIMIZATION GOALS.

Of secondary concemn to minimizing undelivered cargo s the efficiency of the operation. =

The model should attempt to develop an airlift schedule which minimizes cost and maximizes -
resource utilization. Other desirable goals are:

* Deliver éach movement requirement as early as possible;

» Minimize the number of aircraft used; and

o Maximize aircraft utilization (within limits).

5.0 MODELING CONSTRAINTS

There are both spacial and temporal constraints that effect the number of aircraft reqmred -

and the scheduling strategy used to employ the aircraft. A discussion of these constraints
follows.

5.1 PLANNING HORIZON

Normally, an airlift operation spans a given planning period or horizon. At the end of the
period all movement requirements should be delivered to the appropriate destination. Any
undelivered cargo or passengers at the end of the period is shortfall.

5.2 MOVEMENT REQUIREMENTS

The cargo to be moved can be classified into four categories: outsize, oversize, and bulk
cargo, and passengers. Outsize cargo is equipment too large and heavy to be carried by any
aircraft in the Air Force mventory except the C-5 (and the C-17 when it becomes available). An
example of outsize cargo is the Bradley armored personnel carrier. Oversize cargo includes
__ equipment such as a 2.5-ton truck that is too large for standard-size pallets. Bulk cargo is

- - everything else which can be consolidated onto standard-size pallets. The deployment of

military units normally requires the movement of a mixture of cargo types and passengers.
Cargo and passengers from the various units being moved can only be picked-up and
delivered during certain time windows (Figure 27). The earliest time that a payload may be
loaded onto an aircraft at the on-load airfield is called the available-to-load date (ALD). This
date is determined by the military unit to which the cargo or passengers are assigned. The
earliest time that the payload can arrive at the off-load airfield is called the earliest arrival date
(EAD). The latest arrival date (LAD) is the latest time that the payload can arrive at the off-load
airfield. These times are determined by the commander of the operation. Finally, each
requirement may have a required delivery date (RDD) which is the deadline for arrival of the
requirement at its final destination within the theater of operation [Hilliard, et al., 1992: 133].
- Past airlift operations in support of contingencies have shown that approximately one ton
of cargo must be delivered for each passenger. This is not true of all airlift scenarios.
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On-load | Oft-load " Fina
Airfield Airfield Destination
| [ Deiivory window 1 |
! i
Available to Earliest Arrival Latest Arrival Required Delivery
Load Date (ALD) | Date (EAD) Date (LAD) Date (RDD)

Figure 27. Airlift Planning Temporal Constraints

5.3 AVAILABLE ROUTES

Many possible routes may be available for the aircraft to move the requirements from the
on-load airfields to the off-load airfields. However, the number of practical routes available is
usually limited and these routes can be enumerated. This makes the problem much easier to
solve from a modeling perspective. An ideal route will start at the aircraft’s home base (Figure
28). The aircraft will on-load the cargo or passengers at the airfield nearest to the origin of the
cargo or passengers and fly as direct as possible to the off-load airfield. A stop at one or more
enroute airfields may be required to refuel or change crews. The off-load airfield is located as
close as possible to the final destination of the cargo or passengers. A recovery base is often
used for refueling and maintenance purposes to ease the congestion at the off-load airfields.
Then the aircraft returns to its home base to prepare for the next mission.

Aircraft ‘ ‘ Recovery
Home Base ‘ Base
-
'l - Enroute
Airfield
On-load
Airficld

Figure 28. Typical Airlift Route

5.4 ENROUTE SUPPORT AND STATION CAPABILITY

The on-load, off-load and enroute airfields have varying capability to support visiting
aircraft. The on-load and off-load airfields are limited in the amount of cargo and passengers
that can be processed through the field each day (called throvghput). The throughput limit is
dependent upon factors such as the capacity of the passenger terminal and the number and type
of material handling equipment (MHE) available. The MHE is required to load and unload
cargo from the aircraft.
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All of the airfields involved in the airlift flow are limited in the number of aircraft that can
be supported at a given time. The myriad of factors involved in determining this limit are often
aggregated into a single constraint called maximum on the ground (MOG). MOG is defined in
MAC Regulation 55-28 as “the highest number of aircraft being used in an operation which will
be allowed on the ground during a given span of time based on simultaneous support”.
Analysts refer to two different types of MOG in planning airlifts. The ramp space available to
park aircraft is called “parking MOG™. All other aircraft servicing constraints are included in
the “working MOG”. A number of diverse factors contribute to the working MOG at a
particular airfield and point in time. Typically the most important factor is the refueling
capability of the airfield. The most constraining of the two types of MOG — parking and
working —is the limiting factor in supporting an airlift operation. MOG for a particular airlift
operation at an airfield is also effected by other enroute traffic the airfield must support
simultaneously [Smith, 1985].

5.5 AIRCRAFT CONSTRAINTS

Size, capacity and maneuverability contribute to the amount of MOG used by a particular
type of aircraft. Other airlift planning factors associated with the aircraft used are [Hilliard et
al., 1992: 132 - 137]:

(1) Each type of aircraft has a limited capacity for each type of cargo, and some
aircraft may be unable to carry some types of cargo.

(2) The flow planners may specify a mini mum load required to justify a mission.

(3) Each type of aircraft has a cargo type for which it is best suited to carry (called
its preferred cargo type). '

(4) Certain aircraft may have special capabilities which can be used to improve the
airlift flow. For example, C-5 aircraft are capable of carrying as many as 75
passengers in addition to any cargo carried (this is called a non-prefemred cargo

_ type).

Finally, the aircraft must not be over-utilized. Air Force planners aggregate all the factors
that limit the utilization of aircraft into a number called the UTE rate. UTE rate can be defined
as the total pool of daily flying hour capability for a fleet of (homogeneous) aircraft distributed
equally by each primary aircraft authorization [Gearing and Hill, 1988: 187]. Three types of
UTE rates are commonly used: peacetime, objective wartime, and obtainable wartime. The
peacetime UTE rate is based solely upon the flying hours approved by Congress in the annual
budget. The objective wartime UTE rate corresponds to the capability that planners would like
to achieve in wartime. Obtainable wartime rates are the actual airlift capabilities experts believe
can be achieved for a particular wartime scenario and set of resources. Objective and obtainable
UTE rates are expressed for both surge (first 45 days) and sustained (after 45 days) periods.

Four factors are used to determine the obtainable wartime UTE rates for various aircraft:
aircrew manning, maintenance manning, spare parts, and the airlift system. The UTE rate that
is most constraining is used as the estimate for deployment capability and included in the Joint
Strategic Capabilities Plan JSCP). The JSCP reports four UTE rates for a given aircraft type
and scenario. A UTE rate is calculated for three divisions within the surge period (the first 45
days of an operation) beginning with C-day (the day deployment begins) and an overall surge
rate is calculated as follows (Figure 29):

(1) C-day through C-day + 2. UTE rate starts low and builds quickly to a high
value reflecting the generation of aircraft into the airlift operation.

(2) C-day + 3 through C-day + 15. Aircraft are assumned to surge to the objective
UTE rate due to the critical nature of the early deployment period.

(3) C + 16 through C + 45. A pool of flying hours is calculated which is the total
hours an aircraft can fly in the 45 days of surge minus the hours already flown.
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Figure 29. Surge Period UTE Rates (Gearing and Hill, 1988: 20)

(4) An overall UTE rate for the surge period is also reported (the time average of
the UTE rate for each day).

UTE rates are not meant to be a constraint during an actual deployment. If higher UTE
rates can be achieved, then they will be. But the published UTE rates, developed by experts
using historical data and computer models, represent the highest expected utilization rates that
can be achieved [Gearing and Hill, 1988:21].

6.0 MODEL INPUT

All input to the model will be included in the model formulation or will be contained in
separate files built using any ASCI editor. All input parameters shou'd be consistent in
dimension (same crder of magnitude) to obtain reliable results. Specific input requirements are
listed next.

6.1 PLANNING HORIZON

The planning horizon of the model will be divided into equal time periods. In general, the
time period used determines both the size of the model that must be solved and the accuracy of
the results. A smaller unit of time (e.g. one time unit equals one hour) will result in a larger
model with very detailed results. A larger unit of time (e.g. one time unit equals one day) will
result in a more tractable model, but the results will be less meaningful. Thus choosing the
time unit to use will require a trade-off between the level of detail desired and the response time

required.
6.2 MOVEMENT REQUIREMENTS

Information on the movement requirements includes:
(1) number of military units being moved;
(2) on-load station for each unit;
(3) off-load station for each unit;
(4) amount to be moved in each cargo class;
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(5) pickup window for each unit’s requirements; and
(6) priority ranking of the units (optional).

63 ROUTE INFORMATION

Bach route will be described as follows:
. (1) asequence of airfields from aircraft home field to on-load, through enroute
airfields to off-load, and back to the aircraft home field;
(2) the flight time of each route leg (hours reqmred to fly from one base in the
sequence to the next);
(3) the expected ground time at each of the on-load, enroute, and off-load alrﬁelds
(4) the cycle time for each type of aircraft on the route. Cycle time is defined to be
* the time required for a pariicular aircraft type to fly the route from home field, to
on-load, enroute, and off-load airfields, and back to home field. Any delay
associated with post-mission maintenance or crew-rest is added to the cycle time
- such that, at the end of the time, the aircraft is ready to perform a nev; mission.

64 AIRFIELD PARAMETERS
For each on-load and off-load airfield a throughput limit will be input for each time period
of the model. In addition, both parking and working MOG limits will be input for each on-
* load, off-load, and enroute airfield in the model.

6.5 AIRCRAFT CHARACTERISTICS

The following information on the aircraft used in the airlift wﬂl be input:

(1) types available;

(2) number of each type of aircraft available at each Lome (operating) airfield during
each time period; '

(3) cycle time for each aircraft type on each possible route (see section 6.3);

(4) MOG used by each type of aircraft;

(5) capacity of each type of aircraft for its preferred cargo type;

(6) capacity of each type of aircraft for its non-preferred cargo type (if applicable);
and

(7) the appropriate UTE rate for each aircraft type and surge period. UTE rates may
also be enforced for a particular group of aircraft within each type. For
example, the utilization of aircraft from a particular unit or base may be
constrained to prevent over-utilization.

7.0 MODEL OUTPUT

The output from the model will consist of a printed solution 1dent1fy1ng the optimal
mission schedule, number and mix of aircraft used, and any shortfall.

7.1 AIRCRAFT AND MISSION INFORMATION

The model will report optimal values of two primary decision variable types. First, the
shortfall for each unit and cargo class will be reported. Second, a flow variable for each
aircraft type, cargo type, and time period will be reported. This flow variable represents the
number of missions scheduled by the model to start in each time period.




72 BOTTLENECK AND SENSITIVITY INFORMATION

Information on the sensitivity of the optimal solution to changes in the input parameters
will be available including:
(1) the sensitivity of the solution to changes in the “cost” of using a particular
aircraft or of shortfalling a particular unit’s movement requirements; and
(2) information on which of the constrained resources (aircraft and alrﬁelds) is most
critical and should be the focus of any effort to add resources to improve the
airlift flow. ‘

7.3 POST-PROCESSING

A wide range of post-processing will be available after the optimal solution is found
including: ,
(1). collecting mission information on like aircraft to report a schedule of missions to
be flown by aircraft type;
(2) calculating the total number of iissions scheduled;
(3) reporting the composition of the aircraft fleet used; and
(4) calculating other comparative statistics such as ton-miles or utilization.

8.0 MODEL VALIDATION

The model will not be useful unless it can routinely provide reasonably accurate solutions
in a timely manner. The following criteria and tests will be used to judge the validity of the
model developed.

8.1 VALIDATION CRITERIA.

As mentioned in the overview, the model may be used in two different situations. First,
the model may be used in the early stages of deliberate planning. In this situation, the
information available as input to the model is approximate, and the response time of the model
is not critical. The second situation is the more demanding on the model. In this situation, the
model is used for execution planning, when the response time is critical. Consequently,
~validation criteria will be used to satisfy the more demanding situation where the model is used
to help in the execution planning process as follows:

(1) Ease of use. Information that is required for input to the model must be easily
obtainable from sources already available in the planning process and not
require extensive transformations prior to input.

(2) Response time. The model must be able to compute a solution to a problem of
realistic size within a reasonable amount of time. While any quantification of
this criteria is purely arbitrary, a reasonable goal may be to provide a solution to
a 30 day planning problem within 30 minutes of clock time on a VAX
minicomputer.

(3) Accuracy. The model must be able to determine the resources required to
perform an airlift flow within plus or minus 10 percent of the actual

. requirements.

(4) Output.’ The output from the model must clearly state the optimal resource
requirements, expected shortfalls, and sensitivity information.
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8.2 VALIDATION STEPS.

Validation of the model will be performed in two primary ways. )

(1) Face Validation. First, this specification will be reviewed by experts (airlift
flow planners) to determine if it adequately represents the problem. Also, the
model will be solved using a typical scenario and the results will again be
scrutinized by experts. These steps are performed to compare the model against
validation criteria items (1), Ease of use, and (4), Output.

(2) Second, historical data from a significant airlift operation already performed will
be processed through the model. This step is performed to compare the model
against validation criteria (2), Response time, and (3), Accuracy.
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Appendix B: Design Document for the
Airlift Capabilities Estimation Prototype (ACEP)

1.0 OVERVIEW

The Airlift Capabilities Estimation Prototype (ACEP) model is a deterministic model that
provides rough estimates of the resources needed to perform an airlift operation. The original
formulation was developed by Ingrid K. Busch and Michael R. Hilliard of the Operations Research
Group, Center for Transportation Analysis, Oak Ridge National Laboratory. This design
document is based upon updated model requirements.

2.0 APPLICABLE DOCUMENTS

2.1 Busch, Ingrid K. and Michael R. Hilliard. An Airlift Capabilities Estimation Model for
the Military Airlift Problem. Operations Research Group, Center for Transportation Analysis, Qak
Ridge National Laboratory, 1992.

2.2 Model Requirements Specification for the Airlift Capabilities Estimation Prototype, 1992.
3.0 PROBLEM SUMMARY

The airlift planning problem can be des~ribed as follows: it is desired to transport a known
amount of cargo and passengers from a set of on-load airfields, through a sequence of enroute
airfields, to one or more off-load airfields within a specified amount of time. A fleet of
heterogeneous aircraft is assigned to perform the airlift, and a set of possible routes to move the
cargo from origins to destinations is available. There are many conflicting objectives and
constraints in the problem and many formulations are possible. In addition, problems of practical
size and importance involve dozens of airfields, hundreds of movement requirements and aircraft,
and span over a planning horizon of 90 days or more, making the resulting model computationally
difficult to solve.

40 OVERVIEW OF MODELING APPROACH

- Alinear programming approach is taken so that the model may provide an optimal solution
while remaining flexible and fast. Non-integer solutions are expected, but because the model is
used only to obtain very rough estimates of resource requirements, t.ds is acceptable. Depending
upon how the model is implemented and the speed of the linear program (LP) solver used, the
model has the potential to be very flexible. Once a solution is found for a particular set of inputs,
changes can be made to the data and the model can be restarted from a previous solution. An
additional advantage of the linear programming approach is that required sensitivity analysis
information is automaticaily calculated.

5.0 MODEL ASSUMPTIONS
Some assumptions are required in order to use a linear programming approach. Most
notably, it is assumed that the non-integer (i.e. infeasible) solution can be used to provide the
decision information required. Some other assumptions that are made are:
(1) The objective function and constraints in the problem can be modeled with linear
equations. The classic assumptions of linear programniing are:
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» proportionality — the contribution of each decision variable is proporuonal to the value
of the variable.

« additivity — the contribution of each variable is independent of the values of the other
variables.

« divisibility — the decision variables are allowed to take on non-integer values.

e certainty - each parameter in the problem is known with certainty.

 nonnegativity — all decision variabies are restricted to values greater than or equal to
zero.

(2) Non-preferred cargo carried by aircraft will be of type “bulk” or “passengers” only. It is
unlikely that any aircraft type will be able to carry “outsize™ cargo in a non-preferred
capacity. ‘

3) Axrcraﬁ are assumed to “consume” both parking and working MOG at each airfield in
proportion to the size of the aircraft and the number being serviced. For example, if a
single C-141 is considered to take 1.0 unit of MOG, then two C-141s will take 2.0 units.

6.0 MATHEMATICAL FORMULATION

The mathematical formulation presented here is based upon the formulation of Busch and
Hilliard with additions and modifications where necessary to meet the model specifications.

6.1 PARAMETERS
The following symbols are used to mpresent model parameters or input data:

b is the set of airfields (on-load, enroute, and off-load) considered in the |
model.

r  is the set of routes available from on-load airfields to off-load airfields.
t  istheplanning horizon of the deployment in time units.

u - is the customers (military units) that‘require airlift support from a particular on-

load airfield to a particular off-load airfield (also called a movement requirement),

p isthe aircraft types available (e.g. C-5, C-141, P-747, etc.). \ -
¢  istheclasses of cargo where c € {0 = outsize, 1 = bulk, 2 = passengers}. The w0
class “oversize” can also be included if desired.

Other model parameters are explained following the objective function or constraint equation wh " B
they are first used. » SENE

6.2 MODELING OBJECTIVE

T

."_",‘___.\_.,..\—_-4——~

The objective of the model is to minimize the total “cost” of the operation where the two |
primary components of cost are associated with shortfall (undelivered cargo) and use of aircraft
resources. This objective provides a flexible way of controlling the mod=1 to minimize shortfall,
aircraft usage, or any suitable combination. _

-
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6.2.1 DECISION VARIABLES
Values for the following variables are determined by the ACEP model:

X' e i8 the number of aircraft of type p scheduled to begin an airlift mission on

day t carrying cargo of class ¢ from unit u on route r. This variable can also be
interpreted as the flow (movement) of preferred cargo of class ¢ from unit u
along route r where amount of cargo moved is X payloads of aircraft type p.

Y'upu_ is the opportune movement of non-prefexred cargo of class ¢ from unit u
carried on aircraft type p along route r beginning on dayt.

Z,  isshortfall - the amount of cargo of class ¢ from unit u left undelivered at the
end of the planning horizon.

6.2.2 OBJECTIVE FUNCTION

The objective function used in the basic problem is to minimize the “cost” of the airlift. This
cost is defined to be a combination of the penalty cost of not delivering requirements (shortfalls)
and the cost of operating the aircraft. This objective function is obviously not meant to be an
accurate indicator of the true cost of the operation, which would be almost impossible to determine
in the early stages, but is meant to combine the conflicting objectives of minimizing shortfall and the
number of aircraft employed in a way that will result in a balanced airlift flow, Mathematically, the

objective function is expressed as:
Minimize zucpmzm+ Eucprtvtpuxt » Q)

uper
where: p  is the penalty for shortfalling one unit of cargo class c of requirement u.

v is the cost of using aircraft type p to move a requirement from unit u
during time period t.

By controlling the values of p and v, the objective function can be formulated to minimize
either shortfall (by setting all v = 1 and adjusting p), aircraft usage (by seiting all p =1 and
adjusting v), or both using a suitable combination of weights. The model can be made to deliver
each movement requirement as early as possible within the pickup window by increasing v as t
increases.

6.3 CONSTRAINT EQUATIONS

The coistraints used in ACEP can be grouped into four categories: movement constraints,
aircraft constraints, throughput constraints, and enroute constraints,

6.3.1 PRIMARY MOVEMENT CONSTRAINTS

The following constraints ensure that all cargo and passengers are either delivered or reported
as shortfall. Equation (2) represents outsize cargo, equation (3) represents bulk cargo, and
equation (4) is for passengers. One set of equations is necessary for each requirement. It is
assumed that no aircraft types have a non-preferred cargo type of “outsize”.
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where: q_ isthe amount (in tons or number of passengers) of cargo in class ¢ of
requirement u.

| Qc is the set of aircraft types with capability to carry cargo type c.

C(p,b) is the set of roﬁtes that can be flown by aircraft type p based at airfield b.

Yo is the capacity of aircraft type p on route r for its preferred cargo type.

¢rp is the capacity of aircraft type p on route r for its non-preferred cargo.

A“p is the pickup window (set of feasible time units for loading alrcraft) for
' xeqmrement u using aircraft type p onrouter.

6.3.2 SECONDARY MOVEMENT CONSTRAINTS

These constraints ensure that the vpportune movement of cargo and passengers (non-preferred
types) is proportional to the movement of preferred cargo (one equation for each route, aircraft
type, and time unit). Equation (5) represents bulk cargo carried on passenger aircraft and equation
(6) represents passengers carried on cargo aircraft. Again, it is assumed that any non-prefexred
capablhty will be in cargo classes “bulk” or “passengers” only.

SY =S | B o )

u uplr
t t
Eu uer Eu[x uplrfx upOr] » . , (6)
6.3.3 AIRCRAFI‘ CONSTRAINTS | |

The constraints represented in equation (7) ensure that the number of aircraft used is less than
or equal to the number available (one equation for each axrcraft type p based out of airfield b during
time t).

t k t '
EUCEIEC(p,b)Z k=(t-apr)x uper =a pb (7)

where: O is the length of the round trip (cycle time) for aircraft type p onroute r.
Note: must be an integer value. .
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&y s the number of aircraft of type p based at airfield b on day t.

Equation (8) ensures that the aircraft UTE rates are not exceeded. One equation is required for
each UTE period, aircraft type, and operating base.

t-Crb-1 Bt
Eteuzuctzbek(b,t-orb-l)Frbpx uper = Elel‘«UTE papb ®

where: p is the set of time units (surge period) over which the UTE is enforced.
These will normally be (1,2,3), (1, ..., 15), and (1, ..., 45)."

R(b,t) is the set of airfields visited t time units after the start of route r.

o, isthe number of time units required to reach airfield b on routerr.

Frbp is the time required for an aircraft of type p to fly to the next airfield 6n
route r after airfield b.

UTEP‘p is the objective UTE rate for aircraft type p over surge period p (daily -

| UTE rate adjusted for the time units used).

| 6.3.4 THROUGHPUT CONSTRAINTS

The throughput constraints ensure that the airlift ‘operation does not exceed the capabilities of

the aerial port units at the on-load and off-load airfields (one equation for each on-load or off-load
airfield and time unit). Equation (9) is for cargo (bulk and outsize) throughput and (10) is for
passenger throughput.

!

g t t

Euso(u)=b [Epeszl 20X woir ¥ X ot +Ep€QZErEC(p,b)¢ertuplr] +

: -Orb-1 -Orb-1
2qu(‘u):b[‘s“pEQlErEC(p,b)Y,p(Xt upOr +X uplr) +

: -Orb-
EpEQZEIEC(P,b)q)er‘ luph'] = etbl (9)

t
zuao(u)=b[zp€922r€C(P,b)erx up2r *2},5912 IEC(P’b)q’rPYtupif] ¥
t-Ovb-1 ~Orb-1 t
; E u3d(u)=b[zp€§222r€C(p,b)yrpx up2r+ Epegl E 1€C(p,b)¢ert ) up2r] = 0b2 (10)

where: G‘bc, is the throughput capacity of airfield b at time t for cargo class ¢’ where
¢' € {1 =cargo, 2 = passengers}.

o(u) is the on-load airfield for requirement u.
d(u) is the off-load airfield for requirement u.
6.3.5 ENROUTE CONSTRAINTS

The enroute constraints ensure that the capacity of the enroute airfields to support the airlift
(MOG) is not exceeded (one equation for each enroute airfield and time unit).
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| t-9b-1 o ¢
Empzlec(P’b)nR(bpt-orb-l)mbpx oS N éb,wb) S an

where: my, is the amount of MOG (parking or working — depending on which is
most limiting at the airfield) used by aircraft type p at airfield b.

¢, isthe ramp capacity (parking MOG) of airfield b at time t.
W', is the working MOG of airfield b at time t.
" 6.4 DELIVERED CARGO-TO-PASSENGER RATIO

~ Historically, one ton of cargo must be delivered for each passenger. This constraint ensures
that the correct proportion of cargo to passengers is delivered over the planning period. Since the 1
to 1 ratio is not always appropriate, the ratio can be adjusted to meet planning needs

; t
Emp,v,pxw 3 [v,p wote™ uplr] B* Emp,[v wart 0¥ zj (12)

where: B is the desired ratio of cargo to passengers delivered.
6.5 MINIMUM LOAD

All the decision variables are defined to be non-negative. A minimum load to justify
scheduling a mission by a particular aircraft type may be enforced as follows:

X, = o *minload A 13)
where: &' 15{ llet uper IS greater than zero -
Ootherw1se

minload e is the minimum load desired as a percentage of capacity.

Note, however, that this constraint requires a reformulation of the objective function to include the
0 -1 variables and results in a mixed-integer programming problem of very large size.

7.0 MODEL OUTPUT

The output from the model will consist of a printed solution 1dent1fy1ng the optimal value
found for the objective function and decision variables as well as sensitivity analysis information
associated with each variable and constraint.

7.1 DECISION VARIABLES

The model will report optimal values of two primary decision variable types. First, the

shortfall for each unit and cargo class will be reported. Second, a flow variable for each aircraft
type, cargo type, and time period will be reported. This flow variable may be interpreted as the

77

i \ /




number of sorties scheduled by the model to start in each time period. This variable wﬂl NOT be
integer in most cases.

7.2 SENSITIVITY INFORMATION

The standard solution sensitivity information provided by linear program solvers will be
available including:

(1) the reduced cost for each non-basic decision variable (the expected improvement in the
objective function coefficient associated with the variable that must be made in order for
the solution to include the variable at a non-zero level). This information can be used to
determine the amount by which the cost of using a particular aircraft type must improve in
order to use that type durmg atime period when it is not currently included in the optimal
solution.

(2) the shadow price for each constraint (the expected improvement in the objective function
given by a unit increase in availability of the resource being constrained). This
information can be used to determine which of the constrained resources (aircraft and
airfields) is most critical and should be the focus of any effort to add resources to improve
the airlift flow. ,

The sensitivity information outlined above is unique for the particular optimal solution found
by the solver. If the solution (optimal basis) changes, then the sensitivity information must be
recomputed.

78




8.0 VERIFICATION OF DESIGN

Table 21 shows a trace of the model requirements to the mathematical equation in the
formulation where the requirement is satisfied:

Requirements Verification Matrix

TABLE21

Model Equation that Satisfies Requirement

Requirement

2.

3

2

]

6 17

8

9

10

11

12

13

Section 41
Minimize Shortfall

Section 42
Maximize Efficiency

Section 5.1
Planninp Hori

E I B ]

Section 52
Deliver Outsize
Deliver Bulk
Deliver Passengers
Use Delivery Window
Cargo/Passenger Ratio

L]

Section 53
Available Routes

Section 54
Carpo Throughput Limits
Passenger Throughput Limits
MOG Limits

Section 5.5
Aircraft Capacity
Aircraft Availability
Minimum Load
Preferred Cargo
Non-preferred Cargo
UTE Rates
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Appendix C: GAMS Implementation of ACEP
with Contrived Scenario

sttt se ok s s o sk ok e st s s s ke e e s sk se o ek e ke o o e ksl sk ok ok sk sk ke ok e e

* Filename: ACEP.gms

*

* Purpose:  Verification/Validation of Airlift Capability
* Estimation Prototype (ACEP) Model.

*

* % ¥ ¥ ¥

3l e o e o e o e ool e e e s e e o oo s e ke s s el e o s ol e e s s e oo sl s e o s ke e e s s ke e s e ok e o e e o e ek o

$OFFSYMXREF
‘$SOFFSYMLIST

$OFFUPPER

OPTIONS ITERLIM=5000,LIMCOL=0,LIMROW=0 ;
OPTION SOLPRINT=OFF;

e e e 2 2 s e e 2 e e e e e e 3 S 3 o e e 3 3 e S e s sk e e e a3 e e e e e e 3 o e e e S e e e e e e e e e e e e o ke ke
* time = set of time units in model planning period

*

* NOTE:  set should cover CO1 to end of desired horizon
* plus enough time units to cover the longest route
* cycle. This prevents the model from over-

* scheduling at the end.

e3e 3 2 3 e 26 2 e e e e S e e e e e e 2 S s s e e e 343 e e s e e e e 3 e e e s 3 e e e S e e s e s ofe e e e e 3 o e e e ok

% ¥ ¥ % ¥ ®

SET time Time periods in the model

/C01*C64/
alias(time,time2) ;
e she e e 3 3 e e e e e e e 3 e e s 3 e e e s 3 Sk e e 3 e e e e e e e e S e e e e 3 e e e e e e e e s e e e s e e e e ke e e
* TUNIT = time units per 24 hour period (e.g. TUNIT =2 *
* means that 24/2 = 12 hour time periods are used) *
208 3 3 e e e 3 e s e e s e s e e e e s e e e e e e e ok e e s she 3 e e o e e 34 2 e e e e e e 3 e 3 e e e e e e e e e ke ook ke
- SCALAR TUNITS /2 /; \
' s
29 39 e e 3 S e e o e e e e S e e o e e e e e e e e e e e e e e e e s s e e e e e e e e o e e e e o e e e e e e e s e e de e
* unit= designator for the military units (airlft x
* customers) that require transport. *
e e 3 3 e e e S o e e e S e e e e e e 6 e o e e e 3 e e e o e e 3 o e o e 3 e e e e e o e sk e e e e e sk e e e ol e ke e e ok
SET unit Unit requiring movement of cargo or pax
/U001 *U04/;
a0 e 2 2 e e e e e e e s 3 3 e e e 3 e e e e e e s e e e e e s 3 s 3 e e e s e e 3k e e 3 3 e ol e e o e o o o s e e ok ok ok ok
* plane=  set of aircraft resources available for use at *
* any time during the airlift operation. oo

20382 2 2 e 39 30 e e e e e e e e e e e 3 e e e e 3 3 e 2 e s e e e e e e e e e e e e e e e o 3 s o o o 3 3 o e e sk ke e sk o
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SET plane Types of aircraft available

/C141,C005, C017, P747 /
S s e o s e e s e o s e ool o oS e e s e s e e s e e s sl e s sl e st o ok e e sk el e s e e sk e e sk sl ke e ke
* class=  set of cargo classes (usually the airlift *
* requirements can be classified into AT MOST four *
* classes: outsize, oversize, bulk and passengers) *

e e e e s e s e e e o e e e e e s e e e Sl 3 s e 3 e e e e e e e o e e sl S e e e e e e e e e o de e e e s o e e e e e ke

- SET class Types of cargo or pax

/ out, blk, pax /;
aleafesfe e oo o e o e oo e e e s s e e e o s ol o o s st e e s s s s e o ool o e e s s st e o s sk e s oo e e e e
* cargo=  set of classes that include only true cargo. *

sl e e o e ol e oo s ke e e sk ok e e s sl e o s s sl ke e s s sl e o s e ok e ek s s e e s e s e e oo e e e oe

SET cargo(class) ~ Types of cargo only

/out, bk /;
**#*****#*************************************#********4*****
* base = set of airfields available for use at any time ’ *
* during the airlift operation. The use of the ‘ *
* four letter ICAQ designator works well. *

st sl el o e e o ok o e s s oo s e s s e e e e o e o e s s s sese s e s s o sese e sk e e se s e e e

SET base Airfields included in the model

/K001 * K006/,
a0 3 e e s e s e e 2 e e e S e 3 e e o She e e e s e abe e 3k e e 3 39e e 2 e 2 b sl e e 3 e e e o e e e e e e s e e e e e e ok e
* route = set of routes available for moving cargo/pax. *
* A typical route might be: *
* STOP PURPOSE *
* 1  Aircraft home (operating) base *
* 2 On-load airfield *
* 3 Enroute airfield(s) *
* 4 Off-load airfield *
* 5 Recovery airfield (refuel,mx) *
* 6 Enroute airfield(s) *
* 7 Aircraft home base *

3o e 2 e e o S S e e e e 3 s e e e e s o e e e e e e 3 s e ek 3 s e e e afe o e e e e o e e e Sl o e e e s e s e e ok sk o sk

SET route Routes by which cargo can move

/R001 * R003 /;
20 e e 3 e 2 s e e 5 e e e e e e e e e e e 2 2 e 3 o e s s e e e s 3 3 e 3 2 e S e s o o 3 s s de e e e e e e e e e e ke sk ke
* vtinc = set of time units for referencing days within *
* each aircraft mission. Set should be sequential *
* from O to number of time units in the longest *
* roundtrip cycle. *

30 0 e e 3 o e e s e e s e e e o e b S e e e e e s e e s e e e o e s e sl o ok e e e sl e e o e sl o e s e e s e e ok ke s ok ok
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SET vtinc Time units in the longest cycle
/10%3/;

e 39 e e e e e e e s ke e e e e e e e e e e e s e e e e e sk s e o e s 3l s e s e s s e e 3 e e e e e o e e e e sk e s e e ok

* delta= defines the pickup window for each requirement.
* - Delta is indexad by route and aircraft type to
provide further flexibility in controlling the
scheduling of missions. Note that MANY of the
constraints equations are $ controlled with the
delta set - so tighter and more specific delta

windows should specd up the solve time.
e e 30 3 2 3 e s e e s s e o e s e e e e e e e e e e e e e e e e e e S S o s o S 3 e e e o s 2 e e o e 2 e e e e e e e e

LK R B B J
L B K R B N R

SET delta(unit,route,plare,time) Feasible pick-up times

/ U01.R001.(C005,C141).(CO1 * C60)
U01.R002.C017.(CO1 * C60)
U01.R002.C141.(C05 * C60)
U01.R003.P747.(C05 * C60)
U02.R001.(C005,C141).(C15 * C60)
U02.R002.(C141,C017).(C15 * C60)
U02.R003.P747.(C15 * C60) ,
U03.R001.(C005,C141).(C29 * C60)
U03.R002.(C141,C017).(C29 * C60)
U03.R003.P747.(C29 * C60)
U04.R001.C141.(CO1 * C60)
U04.R002.(C141,C017).(C01 *C60)/ ;

***#********************#****************#*******************

* home=  defines the home (operating) bases for the *
» aircraft for enforcing UTE rates by base. *
e afe 2 e e 3 s o e e e S 3 3 S e 3 S 3 s e o 3 e 3 e e 3 3 3 sk 2 e e e e s e e e e e e e S e s e e 3o e e e e o e e ke e e ok
SET home(base,plane) Home base of aircraft
/ K001.(C005,C141)
K002.(C017,C141)
K003.P747 /;

etk s e e o s o s s o sk e sl o ks e ke e o ok e o e o o ek s e st e ks s o e e s

* head = the starting airfield on each route. *
300 e e 2 e e e e e e e 230 e e e e e e e e e 3 e e e e e e e e e e 3 e e e ol e e e e e e e e e e e e e S e o e e o e e e ok ke

SET head(base,route) Starting point of routes
/ K001.R001
K002.R002
K003.R003/;
e e e e e o 36 s e e e e 3 e 2 e 3 e s e e s e e e 3 e e e s e 2 e e e e s e o s o o e e 3o e e e e e e s e e e e e e e e ke
* AMOUNT = the amount of cargo (tons) or passengers from *
* unit that must be moved. *

S el e e e e e e e i sk s o e e e e e e e e sk e e e e o s s o e e e e e s s o e e S s s s e e 3 o e e e e e Sl o e e ke o ke
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TABLE AMOUNT(unit.class) Amounts to be moved
- out blk  pax :
U0l 740 980 6000
U02 440 680 7000
U03 190 1040 1800
U4 . 880 7700 ;

WE 296 0 290 375 0% 5 T 96 390 296 390 98 T 96 9% 0 3K e

b sk e o s S e o o e e e e e o o e e e ol o ok
e e e desjedeche e * He e e e ek e e e e LR

* TCLASS = total amiount to be moved in each class _ _ =2

PARAMETER TCLASS(class);
- TCLASS(class) = SUM(unit, AMOUNT (unit,class));
DISPLAY TCLASS;

ook ek ok ook ok ek ok o skolokokse s dokdeookolok ko koo

* RATIO= the desired ratio of Cargo to passengers delivered. *
* Historically, the ratio is often near 1.0. *

s afe e} Je k) ¥ 3¢ e 3 3 Lt ol e e ae o o ” b ale abe o

» rEERE FERAXNERN TR EEX Y

SCALAR RATIO/0.90/;

e e S 5k e Sl e s sl ke oo e she 2l sle 3o Sl 2k i e sl 3k 3¢ e ke sde <k o 2 obe oo e sl ok ™

*

EEFEEFARAREE X EEERNEY REPREREX RyRyR

* flytime = ﬂymg time (in hours) accumulated in each
* : time period (vtinc) on each route. Note that
* aircraft are assumed to start their missions
* at the beginning of vtinc 0.

* % * »

HERANEEEE N XN R EN AR, e ¥ ERENREEEENREE TR

PARAMETER flytime(route,vtinc) Flight time between stops
/R001.0 6, R001.1 8,R001.2 9,R001.3 6
R002.0 8, k002.1 7, R002.2 8, R002.3 9
RG03.0 10, R003.1 5, R003.2 10, R003.3 3 /;

Sk ook ok ko okl ok ook ook ek ok ook ok ook okok

* Jegtime = time units on each route (vtinc) when the o
> aircraft will be located at each airfield on *
E ]

* ’ the route.
s 3o e ae e 3 e She o e 3 e e o e 3 s e e s e S e s e 3 e e e she e 3 e s e e s 3¢ o e S she e e e e e e e e e e S e ofe e o e e she e

- SET legtime(route,base, vtinc) Time periods at intermediate stops

/ R001.(K001,K003,K004).0
R001.(K004,K005).1
R001.(K006).2
R001.(K004,K001).3
R002.(K002,K003).0
R002.(K004,K005).1
R002.(K006).2
R002.(K004,K002).3
R003.(K003,K004).0
R003.(K005,K006).1
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R003.(K004).2
R003.(K003).3 /;

e s e e e e o 3 e e e e e s e s e e e e e e e e e e s o e e e e e e e e e e s e s e e e s S e s s de e 42 e e e e e e e e ke

* onload = the onload airfield for each requirement unit. *

33 3 o s 3 e e o e e e s e S e e e e e e e e 3 e e e e e e e e e s e e e s o e e e e e e e sfe e ok sfe ke e e de e sk sk ke ke ok

SET onload(unit,base) ' . Onload point for each unit
/(U01,U02,U03,U04).K003 / ;

390300 3¢ e 2 3 afe e e e e e e e e e e e e e 2 3 e e s e e e o 3 e o e e S i e e e e e e o o e e e e e de e e e e s e e o e ke e

* offload = the offload airfield for each requirement unit. *
e 3 3t e 2 e e 3 e e e 2 s e e 3¢ 3 e 3 e e 2 e e e e s e e e e o e e e e o e e e 3 o e e e e e e e e e e e s e e oe e e e o

-

SET offload(unit,base) Offload point for each unit

/(U01, U02 U03,u04). K005 /; '
33 e e s 3 e e e e e e e e e e 3 e s e e e e 2 e e e 5 e e e e e e e e e o e e e e s e e o e e s e e e e o e e e e e e
* numplane = the number of each type of aircraft at each *
* operatmg base available for use durmg each *
* time perio . ‘ *

e e e e e e e s S e e e e e e e 2 e e e e s 3 e e e o e e e e e sk e e e e e e e e e e e e o ke o e e e e e e e e e ok e e ok

PARAMETER numplane(plane,base,time) Number of aircraft available

/ C141.K001.(C01*C64) 10
C141.K002.(C01*C64) 5
C005.K601.(C01*C14) 10
C005.K001.(C15*C64) 8
C017.K002.(C01*C64) 7
P747.K003.(C05*C64) 3/

e e e 2 e e e 3 e e e e e 3 e e e 3 e e e S e e e e 3 e e e e e e e o Sk e e e e e e e e s 3k e e She e e e e e e e o e e e sk

* period =  the UTE periods to be tracked in the model. *

e 3 e 3 3 3 ke e e e e e e e e e e e e e e e o e e e 3 e e e e e s e e e e e e e e e e e e e e e e o S e e e e e e e e ke

SET period UTE Periods tracked by model

/ FIRST, SECOND, THIRD /;
3l sfe e e s 2 3 3 e 3 2o 3 e 3 i e e 3 3 3 S e 3 e 3 3 3 e e e 3fe sfe 3¢ e s e e e e e e o s e e e e 3k e 3 e s e e e e e sje o e o
* UTEPRD definition of the UTE period (time units *
covered). *

e e e o s e de e e e e o s o e e e e e e e e e e e s s e deofe e e o e e e e e s s e o e e e e e e e e e e e e s o e e e

SET UTEPRD(period,time)
/ FIRST.(CO1 * C06)

SECOND.(CO1 * C30)

THIRD.(CO1 * C64) /;

e e e e o e e e e e e s o e e e e e e e s e e e e e S o o e ofe e e oo e de e e el s s el e ok e sfeole o 2 o ok e ol e sk s ofe e

* UTENUM = number of time units in each UTE period. *

e e ode e s e e e o e o o s e e el e S e e e e e e e o e e e sfe e o s o o e e e ke sk e e e e e e Shesfe s e e e e sfe e o ke ok ok
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PARAMETER UTENUM(penod) Number of Time Units in each UTE Period

/FIRST 6
SECOND 30
THIRD 64 /;
‘ a0k 300 3 e 3 e 2 s 2 26 o e 2 2 e e e e e e e e o e 2 3 e e e 3 3je s e e 3¢ e e e o *****************
* UTERATE =the DAILY UTE rate for each aircraft type (in *
* : homsofﬂlghtumeperday) N B *

TABLE UTERATE(period,plane) Daily UTE rates for aircraft
Cl41  C005 CO017 P47

FIRST 4 -4 4
SECOND 13 12 " 14 10
THIRD 12 10 12 10 ;
et 2l e 2 e i e e e 3o e e 3 o e S e 2 e 2 2 e 2 3 2fe 2 o e e e s e e s e e o e e e e 3 e o e e e e e she e e e o e e e e e e
* UTEHOURS = the total pool of flying hours available for *
> - each UTE period, aircraft type and operating *
* B .lzafg_(computed automatically). o ok

EpERE xx TEER

PARAMETER UTEHOURS(period,base,p lane)
UTEHOURS(period,base,plane)$HOME(base,plane) =
SUM(time$(UTEPRD(period,time)$NUMPLANE(plane,base,time)),
NUMPLANE(plane,base,time) * (UTERATE(period,plane)/TUNITS) );

e e e e e e e e e e o e o e o e e 2 o o o e o e e 3 o s 3 e e e s s s s e Sk Sk S s S S s e e ol s e she e e e sfe e e e e

* CYCLE = the number of time units required to complete *

* each route by each type of aircraft. *
e e e e 2 e e e e e e e e e e e e e 2 e 3 e S e e e e s e e e 3 o e e e e o o e e e s S e e e e e e e e o e e e e e ol e o

TABLE CYCLE(route,plane) Length of ~oundtrip cycle
Ci41 C005 C017  P747

ROO1 | 4 4 4 4
RO02 \ 4 4 4 4
R003 4 4 4 4 ;
***;#***** ********************************************ﬁ*****
* PARK = |the number of aircraft parking spots available *
* at each airfield and unit of time. NOTE: the *
* ime index is included to account for other .
* irlift traffic that may effect ramp space *
* vailable at various times. *

***#********’**************t*********************************

PARAMETER PARK(base,time) Parking MOG limits at each base
/K001.(C01*C64) 25
K002.(C01*C64) 175
K003.(C01*C64) 15
K004.(C01*C10) 30

85




K004.(C11%C64) 40
K005.(C01*C64) 25
K006.(C01*C64) 20 /;

e e e e e e e e e s e she e e 2 e e o e e e e e e e e e e e e e e e e e e s e e e e 3 e ol e s e e e e e e e ke ke e e e ok

* WORK = the working MOG limits at each airfield and time. *
* Working MOG includes such factors as refueling ¥
* capability and operating hours. ° *

sk e sdsieskokokook ook el ok e ool ek ksl sl sk ok ok ok e e stk ok e ok ok e ek ok s skok ok ok

PARAMETER WORK(base,time) Working MOG limits at each base
/K001.(C01*C64) 50 :
K002.(CO1*C64) 25
K003.(C01*C64) 20
K004.(CO1*C64) 25
K005.(C01*C64) 50
K006.(C01*C04) 20
K006.(C05*C20) 10
K006.(C21*C64) 20 /;

e e 3 e o S e e e e e e e e e e e e e e e e e e e e e e e s e e ae e e e s e e e e She e e e o e e de s sl ofe e e e e e e sk ke

* AMOG = the most constraining (i.e. minimum) MOG at each *
* - airfield and time. *

a3 e i o o e e e e e e e e e e e s e e e e e s e e e e e s s o e e s e s e e s she o e e s o s sk e e ke sk f sk deske ke ok ok

PARAMETER AMOG(base;time);
AMOG(base,time) = MIN(FARK (base,time), WORK (base,time));

3 2 e e s e e o e s e e e o ¢ e e e 2 e e e e a2 e e e e e e e e e e e e e e e e e e e e e e e e o e e e e e s ek e

* MOG=  the amount of parking and working MOG that each *
* type of aircraft uses at each airfield. *
* Note: larger aircraft will use a proportionally *
* higher amount of MOG. The airfield index is *
* ' included to provide further flexibility. *

e 2fe e e e i e e e s S e e e S e e e e s e e e e e 3 e b 2 e e e e S e e e S o e e e e S e e e e s A e e e e ofe e e de o e e

TABLE MOG(base,plane) MOG used by each aircraft type 2t each base
: C141 Co0s C017 P47

K001 1 2 1.2 2.1

K002 1 2 1.2 2.1

K003 1 2 1.2 2.1

K004 1 2 1.2 2.1

K005 1 2 1.2 2.1

K006 1 2 1.2 2.1 ;
e e 30 2 3 3 e sfe e e e e e e 2 e e s e e e e e 2k 38 e e she e 3 e 3k 3 e e e e Sfe e e S S e 2 e e S ke s s 3 e e e e e e e e e ok
* THRU = the cargo and passenger throughput limitations at *
* the onload and offload airfields (expressed in *
* tons of cargo or number of passengers per time *
* unit), *

e o o o e e e e s e e S ool e e e ok e obe ol e e o e e e ke S s e e e s o e s e e e o o e e e sfe s o e e ke s o e e e e e
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PARAMETER THRU(base time,class) Throughput limits at onload & offload
- 2500

/ K003.(CO1*C64).pax
K003.(CO1*COS).blk 120
K002.(C06*C64).blk 180
K005.(CO1*C08).pax 1000
K005.(C09*C64).pax 3000
KO005.(CO1*C64).blk 300 /;

Aok ok ok ok ok dok ok haokooR ok dokdok sedeolok kR ok Rokolok dok ok ook ok

* RHO =

* #* % % »

the penalty associated with failing to deliver one
ton of cargo or one passenger from each unit.
Note that unit priorities can be handled by
adjusting this parameter. Also, RHO should be set
greater than or equal to the highest penalty for
each sortie (see NU).

* % #* % B W

Bk dedohok ok ook ok oloRok kil ek doloksolok koo ek sl sl ook ol ook e ke e

TABLE RHO(unitclass) Penalty for shortfall

out bk  pax
U0l 100 100 100
U2 100 100 100
Uuo3 100 100 100
Uo4 100 100 100 ;

e e e e e e e e e e 2 e e s S e s 3 e e e s e s e s s e s e 3 o o o s a2 3 o e o e e e e s o e e e e s e s sk e e e e o

*NU=

* 4% %

the penalty associated with using each aircraft

type to deliver cargo/pax from each unit. Note:
the use of a particular type of aircraft canbe
controlled (minimized or maximized) by setting the
penalty appropriately hign or low in relation to

LR B B BE B

she other aircraft penalties.

t**##**************************#*****************************

 TABLE NU(unit,plane) Penalty for each sortie flown

—-Cl41 C005 CO017. P747

UOl 1 1 1 2

uo02 1 1 1 2

Uo3 1 1 1 2

uo4 1 1 1 2
##***t*************************W**************************;**
* NUNU = the aircraft use penalty acjusted to increase *
* with time. This forces the model to move the *
» cargo/pax as soon as possible (maximizes flow *

* - until all requirements are delivered).

e o 3 s oo e o e e e e e e e e e ok o ek

*
e e 3 e e e e e e 3 e e e e o S e e 3 e e s e e e e e e e e s o o e e ofe e e e

PARAMETER NUNU(unit,plane,time);
NUNU(unit,plane,time) = NU(unit,plane) + ORD(time) ;
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* PREFER = the cargo or passenger capacity for each *
* aircraft type for it's preferred cargo (in tons *
» or number of passengers). *

t******#**********************#***********#******************

PARAMETER PREFER(plane,class,route) Capacities for preferred cargo
' . /C141.blk.(ROC1,R002) 19

C141.pax.(RGO1,R002) 130

C005.(out,blk).R001 60

CO017.0ut.R0O02 38

C017.blk.R002 ‘ 40

P747.pax.R003 365 /;
a3 e e e e 3 o e e e e e e s e e e e e o s o e e e e s s s e e e s s e e fe e e ofe o e e e e e e o e e e e e e e de e e X e
* NONPREF = the cargo or passenger capacity for each *
* aircraft type for it's non-preferred cargo (in *
* tons or number of passengers). *

#******4*******************************#*********************
\

PARAMETER NONPREF(plane,class,route) Capacities for nonpreferred cargo
/ C005.pax.R001 68/

FREE VARIABLES 3 :
COBJ | Cost of operation
DOBJ Amount of tons & pax delivered
POSITIVE VARIABLES

X(time,unit,plane,class,route) Number of sorties
Y(time,unit,plane,class,route) Opportune movement of nonpreferred cargo
Z(umt class) 1 Amount left undelivered (shortfall)
; |
EQUATIONS !
COST ! Objective "cost” function
DELIVER Objective flow function
DELIVPAX(unit) Account for passenger requirements
DELIVBLK((unit) Account for bulk cargo requirements
DELIVOUT(unit) Account for outsize cargo requirements
NONPREFI(route,plane,time) Opportune cargo on pax planes
NONPREF2(route,plane,time) Opportune pax on cargo planes
AVAIL(plane,base,time) Number of aircraft available
THRUPUT1(base,time) Cargo throughput at onload & offload airfields
THRUPUTZ2(base,time) Pax throughput at onload & cffload airfields
MOGLIM(base, time) MOG limits at enroute airfields
UTELIM(period,base,plane) Aircraft utilization constraints
DELRA Ratio of delivered cargo to pax
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COST.. COBJ =E= SUM((unit,class)$AMOUNT (unit,class), RHO(unit,class) *
Z(uiit,class)) + SUM((unit,class,route,plane,time)
$(delta(unit,route,plane,time)$PREFER (plane,class,route)),
NUNU(unit,plane,time) * X(time,unit,plane,class,route) ) ;

DELIVER.. DOBJ =E= SUM((time,unit,plane,class,route)
$delta(unitroute,plane,time),
PREFER(plane,class,route) * X(nme,mut,plane,class,route)
+ NONPREF(planeclass,route) * Y(ume,umt,planc,class,mute) );

DELIVPAX(unit)$AMOUNT (unit,"pax").. AMOUNT (unit,"pax") =E= Z(unit,"pax")
+ SUM((route,plane time)$delta{anit route,plane,time;, :
PREFER(plane,"pax",route) * X(time,unit,plane,"pax" route)

+ NONPREF(plane,"pax",route) * Y(time,unit,plane,"pax",route) ) ;

DELIVBLK (unit)}$AMOUNT (urit,"blk").. AMOUNT(unit,"blk") =E= Z(mnt,"blk")
+ SUM((route,plane.time)$delta(unit,route,plane,time),
PREFER(plane,"blk",route) * X(time,unit,plane,"blk",route)

~ + NONPREF(plane,"bik",route) * Y(time,unit,plane,"blk",route) ) ;

DELIVOUT (unit)$AMOUNT (unit,"out").. AMOUNT (unit,"out") —E—- Z(unit,"out™)
+ SUM((route,plane,time)$deita(unit,route,plane,time), ‘
PREFER(plane,"out" route) * X(time,unit,plane,"out",route) ) ;

NONPREFI (route,plane,time)YNONPREF(plane,"blk" route)..
SUM(unit$delta(unitreute,plane time),
X(time,unit,plane,"pax" route)$PREFER (planc,"pax" route) ~ '
- Y(time,unit,plane,"blk" route)}$NONPREF(plane,"blk" route) ) =G=0.0;

NONPREF2(route,plane,time)$NONPREF(plane,"pax" route)..
SUM(unit$delta(unit,route,plane time).
X(time,unit,plare,"out",route)$PREFER (plane,"out" route)

+ X(time,unit,plane,"blk",route)$PREFER (plane,"blk",route )
- Y(time,unit,plane,"pax",route)}$NONPREF(plane,"pax" route) ) =G= 0 0;

AVAIL(plane,base,time)$NUMPLANE(plane,base,time)..
NUMPLANE(plane,base,time) =G= SUM((route,umeZ)
$((ORD(time2) Ie ORD(time)) and (ORD(time2) gt (ORD(time)
- CYCLE(route,plane)))$head(base,route)), :
SUM((unit,class)$(delta(unit,route,plane, time2) ,
$PREFER(plane,class,route)), X(time2,unit,plane,class,route) ) ) ;

THRUPUT 1(base,titne)$ THR U(base,time,"blk").. THRU(base,time,"blk") =G=
SUM(unit$onload(unit,base),
SUM((route,plane)$de'ta(unit,route,plane,time),
PREFER(plane,"blk" route) * X(time,unit,plane,"blk" route) +
PREFER(plane,"out" route) * X(time,unit,plane,"out",route) +
NONPREF(plane,"blk",route) * Y(time,unit,plane,"blk",route) ) ) +

SUM(unit$offload(unit,base),
SUM((route plane,vtinc) $(legtime(route, base,vtinc)
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$delta(unit,route,plane,time-(ORD(vtinc)-1))),
PREFER(plane,"blk",route) *
X(time-(ORD(vtinc)-1),unit,plane,"blk" route) +
PREFER(plane,"out" route) *
X(time-{ORD(viinc)-1),unit,plane,"out" route) -
NONPREF(plane,"blk",route) *
Y(time-(ORD(vtinc)-1),unit,plane,"blk" route) ) } ;

THRUPUT2(base,time)$THR U (base,time,"pax").. THRKU(base ume,"pax") =G=
. SUM(unit$onload(unit,base),
SUM((route,plane)$delta(unit,route,plane,time),
PREFER(plane,"pax"rouce) * X(time,unit,plane,"pax",route) +
NONPREF(plane,"pax",route) * Y(time,unit,plane,"pax”,route) ) ) +

SUM(unit$offload(unit,base),

SUM((route plane,vtinc) $(legtime(route,base,vtinc)
$delta(unit,route plane,time-(ORD(vtinc)-1))),
PREFER(plane,"pax" route) *
X(time-(ORD(vtinc)-1),unit,plane,"pax" route) +
NONPREF(plane,"pax" route) *
Y(tisne-(ORD(vtinc)-1),unit,plane,"pax" route) ) ) ;

MQGLI.: " sase,time)$ AMOG (base,time).. AMOG(base,time) =G=
St:#4((unit,class,route,plane,vtinc)$(legtime(route, base, vtinc)
$(delta(unit,route,plane,time-(ORD(vtinc)-1))
$PREFER (pla: e,class,route))), '

MOGq(base,plane) * X(time-(ORD(vtinc)-1),unit,plane,class,route) ) ;

UTELIM(period,base,plane)$HOME(base,plane)..
UTEHOURS(period,base,plane) =G= SUM(time$SUTEPRD(period,time),
SUM((unit,class,rout2,vtinc)$(FLYTIME(route, vtinc)
$(DELTA (unit.route plane,time-(ORD(vtinc)-1))
$(PREFER(plane,class,route)$SHEAD(base,route)))),
FLYTIME(route,vtinc) * X(time-(ORD(vtinc)-1),unit,plane,classroute)));

DELRATO.. SUM((time,unit,plane.class,route)
$(DELTA (unit,route,plane time)$(AMOUNT (unit,class)$cargo(class))),
PREFER(plane,class,route) * X(time,unit,plane.class,route) +
INONPREF(plane class,route) * Y(time,unit,plane,class,route) )
-RATIO * SUM((tu"e,umt,plane,toute)$DELTA(umt,route.plane,time),
PREFER(plane,"pax" route) * X(time,unit,plane,"pax",route) +
NONPREF(plane,"pax",route) * Y(time,unit,plane,"pax" route) ) =G=0. 0

MODEL ACEPC / COST, DELIVPAX, DELIVBLK, DELIVOUT,
NONPREFI1, NONPREF2, MOGLIM, THRUPUT]1,
THRUPUT2, AVAIL, UTELIM, DELRATO /;

MODEL ACEPD / DELIVER, NONPREF1, NONPREF2, AVAIL,
MOGLIM, UTELIM, THRUPUT1, THRUPUT2,
DELRATO/;




seskoksksiokokok sk ook ok doldololeok ok ok sk deokioksololok ook ok gk dok ok
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* Solve model ACEPC (minimize "cost")... *
#**#*************************#*******************************

sectapealeoaksioookok ek ook ookofolode ok ook ekl ook Jokdekoleae el stk ook ok ook sk ok

SOLVE ACEPC USING LP MINIMIZING COBJ ;

sskcskaedokokok oot deoksiokokok ook ookl ool ek oo sk ol sk sk s e e de s ok e sk ook

* Compute max percent of available aircraft used and the *

* marginal value for maxed aircraft... *
a2 3 e 3 3 e 3 s 2 3 o e 3 2 o e e 3 3 abe o e e b 3 afe o ol e 2 2 e e e e e e o e e e e 3 o e e e e de o e e 3 s o o e e e e

PARAMETER PAVAIL(plane,base) Max Percent of Available ACFT Used;
PAVAIL(plane,base) = 0;
PARAMETER AAVAIL(period,base, plane) Average Number ACFT Used;
AAVAIL (period,base, plane) = SUM(daySUTEDAY S(period,day),
. -AVAIL.L(plane,base,day) / UTENUM(period) ;
PARAMETER MAVAIL(plane,base) Marginal Value of Aircraft;
MAVAIL (plane,base) = 0;
LOOP(time,
PAVAIL(plane, base)SNUMPLANE(plane base,time) =
MAX( PAVAIL(plane,base), (-AVAIL.L(plane,base,time) /
NUMPLANE(plane,base,time)) ) ;
MAVAIL(plane,base)}$NUMPLANE(plane,base,time) =
MAVAIL(plane,base) + AVAIL.M(plane,base,time) ),

DISPLAY PAVAIL;

DISPLAY AAVAIL,

DISPLAY MAVAIL;
#****#*****************************#*************************
* Compute max cargo throughput at each base onload and *
* offload airfield (percent of capacity) and the marginal *
* value for the maxed out airfields... *

a2 e 2 2 e e o e e e s e e e e e e e 2 o e e e e 2 3 e e e s s e e e e e s e e e e e s s e e e e S e e e e o e e e e ok

\
PARAMETER PCTHRU(base) Max percent of cargo thruput used;
PCTHRU(base) = 0;
PARAMETER MCTHRU(base) Marginal Value of Base (Cargo),

MCTHRU(base) = 0;
LOOP(time,
PCTHRU(base)sTHRU(base,n e,"blk") =
MAX( PCTHRU(base), -THRUPUT1.L(base,time)/
THRU(base,time,"blk")) );
MCTHRU(base)$THR U(base,time,"blk") =
MCTHRU(base) + THRUPUT1.M(base,time) );
DISPLAY PCTHRU;
DISPLAY MCTHRU;

n
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* Compute max passenger throughput at each base onload *
* and offload airfield and marginal value for the maxed *
* airfields... *

e e e e e e e e o o e s ofe e s e e e 372 S e e e e e e e e e o e e S s e o e s ok s S o s sk de s e e s e e e e o e ek e o

PARAMETER PPTHRU(base) Max percent of PAX thruput used;
PPTHRU(base) = 0;
PARAMETER MPTHRU(base) Marginal Value of Base (PAX);
MPTHRU(base) = 0;
LOOP(time,
PPTHRU(base)$THRU(base,time,"pax") =
MAX( PPTHRU(base), (-THRUPUT2.L(base,time) /
THRU(base,time,"pax")) );
MPTHRU(base)$THRU(base,time,"pax") =
MPTHRU(base) + THRUPUT1 '.M(base,time) );

DISPLAY PPTHRU;
DISPLAY MPT,\IRU;
************************************************************#
* Compute max MOG used at each base and the marginal *
* value for the airfields where ramp space is used up... .

**************ﬁ********************************#*************

PARAMETER PMOG(base) Max percent of MOG used; : }
PMOG(base) = 0; :
PARAMETER MMOG(base) Marginal Value of Base (MOG)
MMOG(base) = 0;
LOOP(time, ;
PMOG(base)$AMOG(base,time) = |
MAX( PMOG(base), (-(MOGLIM.L(base,time) / AMOG(base,time)) );
MMOG(bese)$AMOG (base,time) = \
MMOG(base) + MOGLIM.M(base,time) ); |
DISPLAY PMOG;
DISPLAY MMOG; ‘

s de bk desesteode st e o ok st deoe stk s e sfe e s e sk ok e sl sk ok desk ok okl st kol e ol e e ook ok ok

* Compute total amount of cargo and pax scheduled for *

* delivery... *
0 3 3 S e e e sk e 2 e e e e e e e e e e sfe e e e b e e 3 s 2 S e 3 e e e e e s e 3 3 o o 2 e e 3k e S e e e e e e e e e e sk

PARAMETER TOTAMT(class);
TOTAMT(class) = SUM(unit, AMOUNT(unit,class));
DISPLAY TOTAMT;

e e e fe e e e e e o s e she e e ofe ofe e e e e e e e s e e S e e e e e e e e e e e e e e e e e e o o o o sk s s s e s o e e e ok

* Display undelivered cargo by unit and class... *
e e e e e e e e e e e e s e o e e e 3 e e e e e e sk e e e e o e 2 e e e e she e e e sk sbe e s e ok e e e e sk s e e e e ok e ke e

DISPLAY Z.L;
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* Compute total amount of cargo and pax left undelivered... *
ek ek ok Rk ke ok kol ok e ook ook ook ok ok kolok ook sk ok ook ok

PARAMETER UTOTAL(class);
UTOTAL(class) = SUM(unit, ZL(umt,class)),
DISPLAY UTOTAL;

#**#*************t*#*******************#***#********##t******f

* Compute amount of cargo and pax delivered... : *
2835030 e 3 30 39 3 e e 30 o e e o o o 2 e o e s e e e o e o o e o o e S ol e e e e e e e e e sk e o sk o e e e e e e e e ook ok

PARAMETER DTOTAL(class),
DTOTAL(class) = TOTAMT (class) - U'IUTAL(class)
DISPLAY DTOTAL;

e e e e e e e e e e e e e e e e e e e e e e e e e e e S e e e e e e e e she e o o e s e e o o e o e o e o e e e o e e o e e

* Compute sortie schedule by plane and day... *
t*********************#********************t*****************

PARAMETER SORTIESmme,plane) ;.
SORTIES(nme,plane) SUM( (umt,route)$DELTA(umt,route,plane time),
. X.L(time,unit,plane, "blk" route)$PREFER (plane,"blk" route) +
X.L(time,unit,plane,"out" route)$PREFER (plane,"out",route) +
X.L(nme,umt,plane,"pax",route)sPR‘.FER(plane,"pax",route) );
DISPLAY SORTIES;

**************#*******************#********#*****************

* Compute total number of sorties by plane type *
3 e e 3 e e 2 3 e e 3 o 3 e o e e e e e e e 3 S e 3 e e 3 e e 3 3 e e e s e 3 3 s 2 e e e e e s e e afe 3 e ofe e e o e o ofe

PARAMETER TOTALS(plane);
TOTALS(plane) = SUM(time, SORTIES(Ume,pIane)),
DISPLAY TOTALS;

e afe e s e e s e e o e e o e fe e ool e deofe e e s fe s s e s s e s e o o e e s e e sl e s o e s e e s ke e o e e o e e s e e ke

* Compute total number of sorties... _ *
e 3 2 e e e 2 e e 3 e 2 e e e e e e e e 2k e e 2 e e s e e e e 3 e e e e e e 3 e e e e o e e e e e e s 3 e ofe e e e e e e e

PARAMETER TSORT;
TSORT = SUM(plane, TOT. ALS(plane)),
DISPLAY TSORT;

3003 s o 3 3 e 2 e e e e e e e e 2 e e e e e e e 2 e e e e e e s oe o e e e e S s e =i o e s sl e e e e e o e o e s s e o e e

* Compute percent sorties flown by each plane type... *
30 e e S e e e e o e e o e o e o o e e e o e e sl e s e sk e deofe e e e e o e sfe ok ok 1t steal ofe e e e s ofe e she e o ol e o e e e

'PARAMETER MIXTURE(plane);
MIXTURE(plane) = TOTALS(plane Y TSORT:
DISPLAY MIXTURE;
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* Compute percent of each cargo class carried by each *

* plane type... *
203 e e e e e e e afe e e e e e ol she e e e e e ol e e ke e e o o e e o 2 o e ol o S o e e o sl e e e e e e e e e e e e e ke e o

PARAMETER PERCENT(class,plane);
PERCENT(class,plane)$DTOTAL(class) =
SUM((unit,route,time)$(AMOUNT (unit,class)$DELTA (unit,route,plane,time)),
PREFER(plane,class,route) * X.L(time,unit,plane,class,route)
+ NONPREF(plane,class,route) * Y. L(nme,umt,plane class,route)) / DTOTAL(class);
DISPLAY PERCENT,

stk sksok ok ok ok e ok koo okl oR ook ok iRk ki sk gk deokok fok ok ok ok

* Compute percent of each cargo only (bulk + outsize) catried by each *

* plane type... *
o e s o e ol o e e e e s o e o e e o e o s e o o e s s e s o e e e e she o e e o ol o sk e o sl e sk e e e e e ek ol e o

PARAMETER PCARGO(plane),
PCARGO(plane)$(DTOTAL("blk"HDTOTAL("out")) =
SUM((time,unit,route,class)$(DELTA (unit route,plane,time)
$(AMOUNT (unit,class)$cargo(class))),
PREFER(plane,classroute) * X.L(time,unit,plane,class,route)
+ NONPREF(planeclass,route) * Y.L(time,unit,plane,class,route))

/ (UI'O'I‘ AL("blk")i'DTOT AIJ(" Out"));
DISPLAY PCARGO;
She e 3 2 e e 3 3 3 e e e e e e e s s 3 e e e o e e e o o e e s e e s e o o e e o o e e e S e e e o Sl e e o o e e e e ke e
* Compute pool of flying hours available to each plane *
* type... *

e e e ke e e e e e ke e e e e e e e e e e o e s ol s e e s e e e e e e ol sl oo sl e e o e e e sk s ke o e ke e e e e e ke ke ke ok

PARAMETER ACTHOURS(period,base,plane);
ACTHOURS(period,base,plane) = SUM(time$UTEPRD(period,time),
SUM((unit,class,route,vtinc)$(FL YTIME(route, vtinc)
$(delta(unit,route,plane,time-(ORD(vtinc)-1))
$(PREFER(plane,class,route)$HEAD(base route)))),
FLYTIME(route,vtinc) *
X.L(time-(ORD(vtinc)-1),unit,plane,class,route)) ) ;

DISPLAY ACTHOURS;

e e e e e e e e S e e e e e e o s sk o 3 e e e o e e e e e e e e e e e e e e e S e s e o S s s s S e e e e e e e e e e e e

* Compue total number of aircraft available in vach UTE period... *

e e e o o 36 3 o e e o e e e e e o e e e 3 e e e e o e e s s e e e e e e e e e e e e e e e e o e e e e e ofe e ke o o e e e ok

PARAMETER TPLANES(period,base,plane);
TPLANES(period,base,plane) = SUM(time$(UTEPRD(period,time)
$(NUMPLANE(plane,base,time)$HOME(base,plane))),
NUMPLANE(plane,base,time));




TIPS S ST

* Compute actual utilization rate of each plane type...- *
aeabe s s e e e e o o e e e e e o o e e e o o e e e sl o e e ol s e e ol o o e e e i s e e ol e sl e e e el i sl o sk ke ke ke

PARAMETER ACTUTE(period,base,plane);
AC TUTE(period,base,plane)$HOME(base,plane) =
(ACTHOURS(penod,base,plane) * TUNITS)/ TPLANES(period,base,plane),
DISPLAY ACTUTE;

*#**#******###******#f#***##*#**#**t****************#********

* Compute the actual fly rate of the aircraft... .

#*##*#*##***********t***t#t*#**#*******#******#**#**##*##****

PARAMETER AVGHOURS(period,base,plane),
AVGHOURS(period,base plane) = ACTHOURS(period, base,plane) / UTENUM(penod)
PARAMETER FLYRATE(period,base,plane);
FLYRATE(period,base,plane)$AA VAIL(period,base plane) =
AVGHOURS(period,base,plane) / AAVAIL(period,base,plane);
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Appeiidix D: Desert Shield Flight and Ground Times

TABLE 22

Estimates] Flight Time Between Airfields
(Source: AMC/XPYR)

KCEF

LETO
OEDR
OEDF

OEKK
OEDR
OEDF
OFJB

OEKX

KCEF
EDAF
EDAF
EDAF

EDAR
EDAR
EDAR

OEDR
OEDF

OEKK
OEDR
OEDF

OEKK
EDAF
EXXX
KCHS
KFOE
KWRI

LEZA
KWRI

DC-10 P-747
31 31
31 31
75 15
69 69
69 69
69 69
69 69
82 82
82 82
82 82
82 82
82 82
82 82
82 82
82 82
86 86
76 16
72 12
72 12
72 12
72 12
69 69
69 69
69 69
69 69
78 18
78 1738
78 738
78 18
80 80
80 80
80 80
80 80
93 93
93 93
25 25
27 27
74 14
98 938
98 98
82 82
80 80




Average Greund Times by Aircraft Type
(Source: AMC/XPYR)

EDAF KCHS 100 106 100 100 100 100 100
KDOV LETO 1.5 17 7.5 7.5 7.5 1.5 7.5
KDOV EDAF 80 8.1 8.0 8.0 8.0 8.0 8.0
KDOV EXXX 80 81 8.0 8.0 8.0 8.0 8.0
KCHS KDOV 14 15 14 14 14 14 14
. KNON KFOE 25 25 25 2.5 2.5 25 2.5
KNON KDOV 00 00 0.2 1.2 12 0.2 0.2
EXXX EDAF 00 00 02 12 1.2 0.2 0.2
KFOE EXXX 32 82 8.2 8.2 8.2 8.2 8.2
EXXX OEDR 73 13 73 13 7.3 7.3 7.3
EXXX . OEDF 73 13 73 7.3 73 73 73
EXXX OEKK 73 13 7.3 73 73 73 73
EXXX OEJB 73 13 73 73 73 7.3 7.3
OEDK EXXX 83 83 8.3 83 8.3 8.3 83
OEDF EXXX 83 83 8.3 8.3 8.3 83 83
OEJB EXXX 83 83 8.3 8.3 8.3 8.3 8.3
OEKK EXXX 83 83 8.3 8.3 8.3 83 83
EXXX KNON 95 95 9.5 9.5 9.5 9.5 95
EDAF EDAF 02 02 02 0.2 0.2 0.2 0.2
EDAR EDAF 02 02 0.2 02 0.2 0.2 0.2
EDAR EDAR 02 02 0.2 0.2 0.2 0.2 0.2
TABLE 23

Aircraft Type QOn-load Enroute Off-load

C-5

C-141
B-747
B-707
DC-10

4.25
- 3.25
4.00
3.25
4.00

3.25 3.25
2.25 225
2.25 - 4.00
2.25 - 2.25
2.25 4.00

P-747

- 4.00

2.25

- 4.00




Appendix E: ACEP Desert Shicld Model

ddeckdotopkdolokdokokodok ok ok ook ko dok dokopsolok ook ok ook dokok 2 dolokofolok okl ok ok
* Filenarie:  desert.gms

* Purpose: Validation version of Airlift Capabilities

* Estimation Prototype (ACEP) mudel using data from
* Operation Desert Shield.

* B N ox % % ®

* Vertsion: 1.5 Date: 30 Jan 1993

a2 2o e o 3 e o 2 2 e e ofe 3 o e e e afe o 2 e e e e 3 e o e e ofe s e e 3 o e 3 e o 3 e 3 e e 2 e e o e e e b e o e ofe o s ol e ke e e o
$OFFTEXT '

$SOFFSYMXREF

$OFFSYMLIST

OPTIONS ITERLIM=75000,RESLIM=25000 ;

OPTIONS LIMCOL=0,LIMROW=0 ;

OPTION SOLPRINT=OFF;

SETday  Periods In The Model
/C01*C34/;

alias(day,day?) ;

SET unit  Unit Requiring Movement Of Cargo Or Pax
/U01*U13/; , '

SET plane Types Of Planes
/C005, C141, B747, B707, DC10, P747 /

SETclass Types Of Cargo Or Pax
/ bk, pax,out/;

SET cargo(class) Cargo types only
/blk, out/; .

SET base  All Bases Considered In The Model
/ KDOV, KCEF, KCHS, KWRI, KFOE, EDAF, LETO, OEDR,
KNON, EXXX, EDAR, LEZA, OEJB, OEKK, OEDF/;

SET route Routes By Which Cargo Can Move
/R001 * R032 /;

SET vtinc Time Increments In Paths
10*4/;

SET delta(unit,route,plane,day) Feas:ole Pickup Times
/ U01.R001.C005.(CG1*C30)
U01.(R004,R007).C141.(C01*C30)
U01.R032.P747.(C01*C30}
U02.R002.C005.(C01*C30)
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‘U02.(R005,R008).C141.(C01*C30)
U03.R003.C005.(C01*C30)
U03.R027.P747.(C01*C30)
U04.(R006,R009).C141.(C01*C30) :
U05.(R0O10,R028).(C005,B747).(C01*C30)
U05.(R013,R016).C141.(C01*C30)
U06.(R011,R029).(C005,B707,B747).(C01*C30)
U06.(R014,R017).C141.(C01*C30)
U07.(R012,R019,R030).(C005,B707,B747).(C01*C30)
U07.(R015,R018).C141.(C01*C30)
U08.R020.C005.(C01*C30)
U08.R026.C141.(C01*C30)
.U08.R031.DC10.(C01*C30)
U09.R021.C005.(C01*C30)
U10.R022.C005.(C01*C30)
U11.R023.C141.(C01*C30)
U12.R024.C141.(C01*C30)
U13.R025.C141.(C01*C30)/;

TABLE AMOUNT (unit,class) Amount To Be Moved

blkk pax out

U0l 6500 6850 5670

U02 2800 3536 3276

uo03 25930 2646 -

U04 3375

U05 36378 25160

U06 4582 2176

U07 9704 5168 -

U08 2079 7178 1764

U09 252 1224 882

U10 567 1564 882

U13 1307 H

PARAMETER TCLASS(class);
TCLASS(class) = SUM(unit, AMOUNT (unit,class));
DISPLAY TCLASS; '

SCALAR RATIO/0.86/,

PARAMETER FLYTIME(route,vtinc) Flight Time Between Stops
/R001.0 13,7, R001.1 17.2, R001.2 6.6
R002.0 13.7, R002.1 17.2, R002.2 6.6
R003.0 13.7, R003.1 17.2, R003.2 6.6
R004.0 15.7, R004.1 20.2, R004.2 1.6
R005.0 15.7, R005.1 20.2, R005.2 1.6
R006.0 15.7, R006.1 20.2, R006.2 1.6
R007.0 15.7, R007.1 20.2, R007.2 1.6
R008.0 15.7, R008.1 20.2, R008.2 1.6
R009.0 15.7, R009.1 20.2, R009.2 1.6
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R010.0 21.6, R010.1 9.6

RO11.0 21.6, RO11.1 9.6

R012.0 21.6, R012.1 9.6

R013.0 16.3, R013.1 18.0

R014.0 16.3, R014.1 18.0

R015.0 16.3, R015.1 18.0

R016.0 16.3, R016.1 18.0

R017.0 16.3, R017.1 18.0

R018.0 16.3, R018.1 18.0

R019.0 15.3, R019.1 17.8

R020.0 15.3

R021.015.3 .

R022.015.3

R023.015.3

R024.0 15.3

R025.015.3

R026.0 15.3

R027.0 16.7, R027.1 17.6, R027.2 1.5
R028.0 16.3, R028.1 17.3, R028.2 0.5
R029.0 16.3, R029.1 17.3, R029.2 0.5
R030.0 16.3, R030.1 17.3, R030.2 0.5
R031.015.7

R032.0 17.7, R032.1 17.8, R032.2 0.3 /;

| SET legtime(route,base,vtinc) Time Increment ag Intermediate Stops

/ ' /R0O01.(KDOV.C KFOE.0,KCEF.0,LETO.1,0£DR.1,LETO.2,KDOV.2)
' R002.(KDOV.0,KFOE.0,KCEF.0,LETO.1,0EIB.1,LETO.2,KDOV.2)
R003.(KDOV.0,KFOE.0,KCEF.0,LETO.1,0EDF.1,LET0.2, KDOV.2)
R004.(KCHS.0,KFOE.0,KWRI.0,LETO.0,0EDR.1,LEZA.2, KCHS.2)
R005.(KCHS.0,KFOE.0,KWRI.0,LETO.0,0EJB.1,LEZA 2, KCHS.2)
R006.(KCHS.0,KFOE.0,KWRI.0,LETO.0,0EKK.1,LEZA.2 KCHS.2)
R007.(KCHS.0,KFOE.0,KWRI.0,LETO.0,0EDR.1,LETO.2,KCHS.2)
R008.(KCHS.0,KFOE.0,KWRLO0,LETO.0,0EJB.1,LETO.2,KCHS.2)
R009.(KCHS.0,KFOE.0,KWRI.0,LETO.0,0EKK.1,LETO.2,KCHS.2)
R010.(KDOV.O,LETO.0,0EDR.0O,LETO.1,KDOV.1)
R011.(KDOV.0,LETO.0,0EJB.0,LETO.1,KDOV.1)
L R012.(KDOV.0,LETO0.0,0EKK.0,LETO.1,KDOV.1)

. RO13.(KCHS.0,KDOV.0,LETO.0,0EDR.1,LEZA.1,KCHS.1)
R014.(KCHS.0,KDOV.0,LETO.0,0EJB.1,LEZA.1,KCHS.1)
R015.(KCHS.0,KDOV.0,LETO.0,0EKK.1,LEZA.1,KCHS.1)
R016.(KCHS.0,KDOV.0,LETO.0,0EDR.1,LETO.1,KCHS.1)
R017.(KCHS.0,KDOV.0,LETO.0,0EJB.1,LETO.1,KCHS.1)
RO18.(KCHS.0,KDOV.0,LETO.0,0EK¥.i,LETO.1,KCHS.1)
RO19.(KNON.0,KDOV.0,EXXX.0,C EKK.1,LEXXX.1,KNON.1)
R020.(EDAF.0,0EDR.0,EDAF.1)

RO21.(EDAF.0,0EJB.0,EDAF.1)
R022.(EDAF.0,0EKK.0,EDAF.1)
R023.(EDAR.0,OEDR.0,EDAR.1)
R024.(EDAR.0,OEJB.0,EDAR.1)
R025.(EDAR.0,0EXK.0,EDAR.1)
R026.(EDAR.0,EDAF.0,0EDR.0,EDAR.1)
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R027.(KNON.0,KFOE.0,EXXX.0,0EDF.1,EXXX.1,KNON.2)
R028.(KNON.0,KDOV.0,EXXX.0,0EDR.1,EXXX.1,LKNON.2)
R029.(KNON.0,KDOV.0,EXXX.0,0EJB.1,EXXX.1,KNON.2)
R030.(KNON.0,KDOV.0,EXXX.0,0EKK.1,EXXX.1,KNON.2)
R0O31.(EXXX.0,EDAF.0,0EDR.0,EXXX.1)
R032.(KNON.0,KFOE.0,EXXX.0, OEDR.I ,EXXX.1,KNON.2) /;

| SET onload(umt,base) Onload Point For Each Unit

/ (U01,U02,U03,U04).KFOE
(U05,U06,U07).KDOV
(U08,U09,U10).EDAF

- (U11,U12,U13).EDAR /;

SET offload(unit,base) Offload Point For Each Unit
/ (U01,U05,U0?,U11).0EDR
(U02,U06,U09,U12).0EJB
(U03).0EDF :
(U04,U07,U10,U13).0EKK /; .

PARAMETER numplare(plane,day) Number Of Aircraft Available
/C005.(C01*C34) 112
C141.(C01*C34) 230
B747.(C01*C24) 10
B707.(C01*C34) 15
DC10.(C01*C34) 5 :
P747.(C01*C34) 10 /;

SET period UTE Periods Tracked by Model
/ Sustain /;

SET UTEdays(period,day) Days Covered by UTE Periods
/ Sustain.(C01*C30)/;

PARAMETER UTEnum(period) Number of days in each period
/ Sustain 30/;

TABLE UTErate(period,plane) Objective UTE Rates for Aircraft
C141 CO005 B747 B707 DC10 P747
Sustain 100 9.0 100 100 100 100 ;

PARAMETER UTEhours(period,plane) ;
UTEhours(period,plane) = SUM(day$(UTEdays(period,day)
$NUMPLANE(plane,day)), NUMPLANE(plane,day) *
UTErate(period,plane) ) ;

TABLE CYCLE(route,plane) Length Of Roundtrip in Days
C141 C005 B747 B707 DC10 P747

ROO1 4 4 4 4 4 4
RO02 4 4 4 4 4 4
R003 4 4 4 4 4 4
ROO4 4 4 4 4 4 4
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R0OOS
R0O06
R0O07
R008
R009
RO10
RO11
RO12
RO13
RO14
RO1S
RO16
RO17
RO18
RO19
R020
R0O21
R022
R023
R024
R02S
R026
R027
R028
R029
R030-
R031
R032
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Aw&hhhwuuwwwuwuuuwwwwww&-b.-l:s-h-h
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PARAMETER PARK(base,day) Parking MOG Limits At Each Base

/ KDOV.(C01*C34) 500
KCEF.(C01*C34) 500
KCHS.(C01*C34) 500
KWRI(C01*C34) 500
KFOE.(C01*C34) 500
KNON.(C01*C34) 500
EDAF.(C01*C34) 144
EXXX.(C01*C24) 500
EDAR.(C01*C34) 42
LETO.(C01*C34) 160
LEZA.(CO1*C34) 24
OEDR.(CO1*C34) 40
OEJB.(CO1*C34) 15
OEKK.(C01*C34) 31
OEDF.(C01*C34) 40

PARAMETER THRU(base,day,class) Throughput Limits

/;

/ KFOE.(C01*C34).pax 15000

KFOE.(C01*C34).blk

5000

KDOV.(C01*C34).pax 15000

KDOV.(C01*C34).bik

5000
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EDAF.(C01*C34).pax 15000
EDAF.(C01*C34).blk 5000
EDAR.(C01*C34).pax 15000
EDAR.(C01*C34).blk 5000
OEDR.(C01*C34).pax 11000
-~ QOEDR.(C01*C34).blk 2500
OEJB.(C01*C34).pax 7300
- OEJB.(C01*C34).blk 1500
OEDF.(C01*C34).pax 4100
OEDF.(CO1*C34).blk 1400
OEKK.(C01*C34).pax 1600
OEKK.(CO1*C34).blk 450 /;

TABLE MOG(base,plane) Mog Used By Each Plane Type At Each Base
. - Cl141 C005 B747 B707 DCI10 P747
KDOV 1 2.1 2.1
KCEF 1
KCHS 1
KWRI 1
KFOE 1
EDAF 1
LETO 1
OEDR 1
KNON 1
EXXX 1
EDAR 1
LEZA 1
OEJB 1
OEKK 1
OEDF 1

DRRNDODNRNNRDNDN NN DN
NhhRRRDRDRDDNDDNN
bt ekt bk pmd ad b ped b b b b b b
NRNNNNDONNRONNNNDDN
NRNNNRORORNNILNNN
b ek ik pd pnd ped ek pueh peed pund b powd. pmeh b

TABLE RHO(unit,class) Penalty For Shortfall
blk pax out
Uo1 10 10 10
uo2 10 10 10
uo3 10 10 10
uo4 10 10 10
uos 10 10 10
uo6 10 10 10
Uo7 10 10 10
U08 10 10 10
uo9 10 10 10
Uuio 10 10 10
Ul1 10 10 10
Uiz 10 10 10
uU13 10 10 10 ;

TABLE NUf(unit,plane) Penalty For Each Sortie Flown
Ci41 C005 B747 B707 DC10 P747

Uo1 1 1 1 1 1 1
uo2 1 1 1 1 1 1
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uo3
uo4
uUos
Uo6
Uo7
uos
uo9
uU10
Uil
vU12
U13

oh ek pmd jmadk ot pud  pved ek pumd ek ek
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fuad ek pemd pand bk b sk fh umd jued b
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ok ok jumh pund pmeh ek pmd sk ek e ek

-
?

PARAMETER PREFER(plane,class,route) Plane Capacities Fo: Preferred Cargo

/ C141.blk.(R0O01*R030)

27.5

C141.pax.(ROO1*R030) 136.0
C005.0ut.(RO01*R030) - 68.9

C005.bik.(R001*R030)
B747.blk.(RO01*R030)
B707.blk.(R001*R030)

68.9
87.3
41.1

DC10.pax.(R001*R030) 235.0
P747.pax.(RO0O1*R030) 365.0 /;

PARAMETER NONPREF(plane,class,route) Capacities For Nonpreferred Cargo

/ C005.pax.(R00! *R030)
C141.pax.(RO01*R030)

FREE VARIABLES
COBJ
DOBJ

POSITIVE VARIABLES
X(day,unit,plane,class,route)
Y(day,unit,plane,class,route)
Z(unit,class)

’

EQUATIONS

COST

DELIVER

DELIVPAX(unit)
DELIVBLK (unit)
DELIVOUT (unit)
NONPREFI(route,plane,day)
NONPRER2(route,plane,day)
AVAIL(plane,day)
THRUPUT1(base,day)
THRUPUT2(base,day)
MOGLIM(base,day)
UTELIM(period,plane)
DELRATO

75.0
100 /;

Cost of the operation
Total tonnage & pax delivered

.Number Of Sorties
Opportune Movement Of Nonpreferred Cargo
Amount Of Cargo Left Undelivered

The Cost Objective Function

The Flow Objective Function

Account For All Pax Requirements
Account For All Bulk Requirements
Account For All Outsize Requirements
Opportune Cargo On Pax Planes
Opportune Pax On Cargo Planes
Number Of Planes Available

Cargo Thruput At Onloads And Offloads
Pax Thruput At Onioads And Offloads
Enroute Constraints

Objective UTE constraint on aircraft
Ratio of delivered cargo to pax
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COST.. COBJ =E= SUM((unit,class)SAMOUNT (unit,class),
RHO(unit,class) * Z(unit,class)) + SUM((unit,class,route,plane,day)
$(delta(unit,route plane,day)$PREFER (plane class,route)),
NU(unit,plane) * X(day,umt,plane,class,route) );

DELIVER.. DOBJ =E= SUM((day,unit,plane class,route)
$delta(unit,route,plane,day),
PREFER (planeclass,route) * X(day,unit,plane,class,route) +
NONPREF(planeclass,route) * Y(day,unit,plane,class,route) ) ;

~ DELIVPAX(unit)}$AMOUNT (unit,"pax").. AMOUNT(unit,"pax") =E= Z(umt,"pax") +

SUM\(toute,plane,day)$delta(umt,route,plane,day),
- PREFER (plane,"pax",route) * X(day,unit,plane,"pax",foute) +
N (‘NPI‘EF(plane,"pax",route) * Y(day,unit,plane,"pax”,route) ) ;

DELIVBLK(unit)$ AMOUNT (unit,"blk").. AMOUNT (unit,"blk") =E= Z(unit,"blk") +
SUM((route plane,day)$delta(unit,route,plane,day),
PREFER(plene,"blk" route) * X(day,unit,plane,"blk",route) +
NONPREF(plane,"blk" ,route) * Y(day,mlit,plane,"blk" soute) )5

DELIVOUT (unit)$AMOUNT (unit,"out").. AMOUNT(umt,"out") =E= Z(unit,"out") +
SUM((route plane,day)$delta(unit,route,plane,day),
PREFER(plane,"out" route) * X(day,unit,plane,"out",route) );

NONPREFI (route,plane,day)$NONPREF(plane,"blk" route).. -
SUM(unit$delta(unit,route,plane,day),
X(day,unit,plane,"pax",route)$PREFER(plane,"pax",route) -
Y(day,unit,plane,"blk" route)SNONPREF(plane,"blk",route) ) =G=0.0 ;

NONPREF(route,plane,day)$NONPREF(plane, "pax" route)..
SUM(unit$delta(unit,route,plane,day),
X(day,unit,plane,"out",route)$PREFER (plane,"out",route) +
X(day,umt,plane,"blk",route)sPREFER(plane,"blk",route) -
Y(day,umt,plane,"pax",route)$NONPREF(plane, ",routc) )=G=0.0;

* AVAIL(plane day).. NUMPLANE plane,day) =G=

SUM((route,day2)$((ORD(day2) le ORD(day)) and

(ORD(day2) gt (ORD(day) - CYCLE(routeplane))) ),
SUM((unit,class) $(delta(unit,route,plane,day?)

$PREFER(plane class,route)), X(day2,unit,plane,class,route) ) ) ;

THRUPUT (base,day)$THR U(base,day,"blk").. THRU(base,day,"blk") =G=

SUM(unit$onload(unit,base),
SUM((route,plane)$delta(unit,route,plane,day),
PREFER(plane,"blk",route) * X(day,unit,plane,"blk",route) +
PREFER(plane,"out" route) * X(day,unit,plane,"out",route) +
NONPREF(plane,"blk",route) * Y(day,unit,plane,"blk",route) ) ) +

SUM(unit$offload(unit,base), :
SUM((route,plane,vtinc) $(legume(route base, vtinc)
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$delta(unit,route,plane,day-(ORD(vtinc)-1))),

PREFER(plane,"blk" route) * X(day-(ORD(vtinc)-1),unit,plane,"blk" route) +
PREFER(plane,"out",route) * X(day-(ORD(vtinc)-1),unit,plane,"out" route) +
NONPREF(plane,"blk" route) * Y(day-{ORD(vtinc)-1),unit,plane,"blk" route)));

THRUPUT2(base,day)$ THRU(base,day, "pax").. THRU(base,day,"pax") =G=
SUM(unit$onload(unit,base),
SUM((route,plane)$delta(unit,route plane,day),
PREFER (plane,"pax",route) * X(day,unit,plane,"pax" route) +
NONPREF(plane,"pax"route) * Y(day,unit,plane,"pax".route) ) ) +

SUM(unit$offload(unit,base),

SUM((route,plane,vtinc) $(legtime(route,base, vtinc)

$delta(unit,route.plane,day- (ORD(vtinc)-1))),

PREFER(plane,"pax" route) * X(day-(ORD(vtinc)-1),unit,plane,"pax” route) +
NONPREF(plane,"pax" route) * Y(day-(ORD(vtinc)-1),unit,plane,"pax" route)));

MOGLIM(base,day)$PARK (base,day).. PARK(base,day) =G=
SUM((unit,class,route,plane,vtinc)$(legtime(route,base,vtinc)

. $(delta(unit,route,plane,day-(ORD(vtinc)-1)) $SPREFER(plane,class.route))),
MOG¢(base,plane) * X(day-(ORD(vtinc)-1),unit,plane,class,route) ) ;

UTELIM(period,plane).. UTEhours(period,plane) =G=
SUM(day$UTEdays(period,day), SUM((unit,class,route,vtinc)
$(FLYTIME(route,vtinc)$(delta(unit,route,plane,day-(ORD(vtinc)-1))
$PREFER (plane,class,route))), FLYTIME(route,vtinc) *
X(day-(ORD(vtinc)-1),unit,plane,class,route)) ) ;

DELRATO.. SUM((day,unit,plane,class,route)
$(delta(unit,route,plane,day)$(amount(unit,class)$cargo(class))),
PREFER(plane,class,route) * X(day,unit,plane,class,route) )

- RATIO * SUM((day,unit,plane,route)$delta(unit,route,plane,day),
PREFER(plane,"pax",route) * X(day,unit,plane,"pax” route)
+ NONPREF(plane,"pax",route) * Y(day,unit,plane,"pax",route) ) =G=0.0 ;

MODEL ACEPCN/COST, DELIVPAX, DELIVBLK, DELIVOUT,
NONPREF1, NONPREF2, AVAIL, THRUPUT]1,
THRUPUT2, MOGLIM, UTELIM, DELRATO/;

903 e e e e e e e e s 3 e 3 s s e e e e e e e e e e e S e e s e e e S e e o 3 e e sfe s e S e o e e e e o she e e e e e e ke

* Solve model ACEPCN to minimize cost... *
o s o afe o o 3 s e e e o s s e 3 o e e e e e e e e e s e e she e o e s A e e e she s e e She e she s e e e e e e e e e e ofe e sfe e

SOLVE ACEPCN USING LP MINIMIZING COBJ ;

PARAMETER PAVAIL(plane) Max Percent of Available ACFT Used;
PAVAIL(plane) = 0;

PARAMETER AAVAIL(period,plane) Average number used;
AAVAII (period,plane) = SUM(daySUTEDA YS(period,day),
-AVAIL.L(plane,day)) / UTEnum(period) ;

PARAMETER MAVAIL(plane) Marginal Value of Aircraft;
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MAVAIL(plane) =0;
LOOP(day,
PAVA!L(plane)$NUMPLANE(plane Jday) =
MAX( PAVAIL(plane), (-AVAIL.L(plane,day)/
NUMPLANE(plane,day)) ) ;
MAVAIL(plane)$NUMPLANE(plane,day) =
MAVAIL(plane) + AVAIL.M(plane,day) );
DISPLAY PAVAIL;
DISPLAY AAVAIL;
'DISPLAY MAVAIL;

PARAMETER PCTHRU(base) Max percent of cargo thruput used;

PCTHRU(base) = 0;
PARAMETER MCTHRU(base) Marginal Value of Base (Cargo);
MCTHRU(base) =0;

LOOP(day,

PCTHRU(base)$THRU(base day,"blk") =
MAX( PCTHRU(base), (-THRUPUT1.L(base,day) /
THRU(base,day,"blk")) );
MCTHRU(base)$THR U(base,day,"blk") =
MCTHRU(base) + THRUPUTI M(base, day) )%
DISPLAY PCTHRU;
DISPLAY MCTHRU;

PARAMETER PPTHRU(base) Max percent of PAX thruput used;
PPTHRU(base) =0;
PARAMETER MPTHRU(base) Marginal Value of Base (PAX);
MPTHRU(base) = 0;
LOOP(day, :
PPTHRU(base)$THRU(base,day,"pax") =
MAX( PPTHRU(base), (-THRUPUT2.L(base,day) /
THRU(base,day,"pax™)) ); :
MPTHRU(base)$THR U(base,day,"pax") = » _
MPTHRU(base) + THRUPUT2. M(base ,day) ); : -
DISPLAY PPTHRU;

DISPLAY MPTHRU;

PARAMETER PMOG(base) Max percent of MOG used;
PMOG(base) =0;
PARAMETER MMOG(base) Marginal Value of Base (MOG);
MMOG(base) = 0;
LOOP(day, ‘
PMOG(base)$PARK(base,day) =
MAX( PMOG(base), (-MOGLIM.L(base,day) / PARK(base,day)) )
MMOG(base)$PARK(base,day) =
MMOG(base) + MOGLIM.M(base,day) );
DISPLAY PMOG;
DISPLAY MMOG;

PARAMETER TOTAMT(class);
TOTAMT(class) = SUM(unit, AMOUN T(unit,class));
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DISPLAY TOTAMT;
DISPLAY Z.L;

PARAMETER UTOTAL(class);
UTOTAL(class) = SUM(unit, Z.L(unit,class));
DISPLAY UTOTAL;

PARAMETER DTOTAIL(class);
DTOTAL(class) = TOTAMT(class) - UTOTAL(class);
DISPLAY DTOTAL; '

PARAMETER SORTIES(day,plane) ;

SORTIES(day,plane) = SUM( (unit,route)$DELTA (unit,route,plane,day),
X.L(day,unit,plane,"blk",route)}$PREFER (plane,"blk" route) +
X.L(day,unit,plane,"out" route)$PREFER(plane,"out",route) +
X.L(day,unit,plane,"pax" route)$PREFER(plane,"pax" route) ) ;

DISPLAY SORTIES;

PARAMETER TOTALS(plane) ;
TOTALS(plane) = SUM(day, SORTIES(day,plane));
DISPLAY TOTALS;

PARAMETER TSORT;
TSORT = SUM(plane, TOTALS(plane));
DISPLAY TSORT;

PARAMETER MIXTURE(plane);
MIXTURE(plane) = TOTALS(plane)YTSORT;
DISPLAY MIXTURE; -

PARAMETER PERCENT(class,plane);
PERCENT(class,plane) = 0.0;
PERCENT(class,plane)$DTOTAL(class) =
SUM((unit,route,day)$( AMOUNT (unit,class)$DELTA(unit,route,plane,day)),
PREFER (plane,class,route) * X.L(day,unit,plane,class,route)
+ NONPREF(plane,class,route) * Y.L(day,unit,plane class,route))
/ DTOTAL(class);
DISPLAY PERCENT;

|

PARAMETER PCARGO(plane);
PCARGO(plane)¥(DTOTAL("blk"+DTOTAL("out")) =
SUM((day,unit,route,class)$(DELTA(unit,route,plane,day)
$(amount(unit,class)$cargo(class))),
PREFER(plane,class,i‘oute) * X.L(day,unit,plane,class,route))
[ OTOTAL("blk"HDTOTAL("out™));

DISPLAY PCARGO;

PARAMETER ACTHOURS(period,plane);

ACTHCURS(period,plane) = SUM(day$UTEdays(period,day),
SUM((unit,class,route,vtinc)$(FLYTIME(route, vtinc)
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$(delta(unitroute,plane,day-(ORD(vtinc)-1))
“PREFER(plane,class,route))), FLYTIME(route,vtinc) *
X.L(day-(ORD(vtinc)-1),unit,plane class,route)) ) ;

PARAMETER TPLANES(period,plane);
TPLANES(period,plane) = SUM(day$(UTEDAYS(period,day)
$NUMPLANE(plane,day)), NUMPLANE(plane, day)); .

PARAMETER ACTUTE(penod,plane),
ACTUTE(period,plane) = 0.0;
ACTUTE(period,piane)3TPLANES(period,plane) =
ACTHOURS(period,plane) / TPLANES(period,plane) ;

DISPLAY ACTUTE; o

PARAMETER AVGHOURS(penod,plane)
AVGHOURS(period,plane) = ACTHOURS(period,plane) / UTEnum(penod)
DISPLAY AVGHOURS; -

PARAMETER FIL.YRATE(period,plane);
- FLYRATE(period,plane)$AAVAIL(period,plane) =
AVGHOURS(period,plane) / AAVAIL(pericd,plane);
DISPLAY FLYRATE; N
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Appendix F: ACEP Desert Shield Solution
GENERAL ALGEBRAIC MODELING SYSTEM
MODEL STATISTICS SOLVE ACEPCN USING LP FROM LINE 451
MODEL STATISTICS
BLOCKS OF EQUATIONS 12 SINGLE EQUATIONS 2020
BLOCKS OF VARIABLES 4 SINGLE VARIABLES 3028
NON ZERO ELEMENTS 36745

GENERATION TIME 162.920 SECONDS

EXECUTION TIME

163.810 SECONDS
SOLUTION REPORT SOLVE ACEPCN USING LP FRCM LINE 451
SOLVE SUMMARY

MODEL ACEPCN OBJECTIVE COBJ

TYPE LP DIRECTION MINIMIZE

SOLVER MINOS5 FROM LINE 451
*#++x SOLVER STATUS 1 NORMAL COMPLETION
*#++* MODEL STATUS - 10PTIMAL :
*++x OBJECTIVE VALUE - 143340.8916

RESOURCE USAGE, LIMIT  5053.780 25000.000
ITERATION COUNT, LIMIT 29695 75000

MINOS 52 (Mar1988) -

_—_—=s=

B. A. Murtagh, University of New South Wales

and
P. E. Gill, W. Murrzy, M. A. Saunders and M. H. Wright
Systemns Optimization Laboratory, Stanford University.

Work space needed (estimate) — 204090 words.
Work space available - 244909 words.

EXIT ~ OPTIMAL SOLUTION FOUND

**+* REPORT SUMMARY: 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
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— 466 PARAMETER PAVAIL MAX PERCENT OF AVAILABLE ACFT USED
C005 1.000, C1410.183, B7471.000, P7471.000 f
— 467PARAMETERAAVAIL ~  AVERAGENUMBER USED |
~ C005 Cl41  B747 P47
SUSTAIN 98.158 17.769 9.488  7.420 |
— 468 PARAMETER MAVAIL MARGINAL VALUE OF AIRCRAFT
C005 EPS, B7471496000, P747 EPS
— 480PARAMETERPCTHRU  MAX PERCENT OF CARGO THRUPUT USED

KDOV 0.747, KFOE 0.379, - EDAF 0.285, OEDR0.610, EDAR(.148
OEJB 0.344, OEKK 1.000, OEDF 0.901

—— 481PARAMETERMCTHRU  MARGINAL VALUE OF BASE (CARGO)
OEKK 503.087 | |
~— 493PARAMETERPPTHRU ~ MAX PERCENT OF PAX THRUPUT USED

KDOV 0.266, KFOE 0.281, EDAFO0.103, OEDR0.232, OEJB 0.077,
OEKK 0.306, OEDF 0.890

—— 494 PARAMETER MPTHRU MARGINAL VALUE OF BASE (PAX)
(ALL ZERO)
— S0SPARAMETERPMOG ~  MAXPERCENT OF MOG USED

KDOV 0.356, KCEF0.172, KCHS 0.274, KWRI0.073, KFOE0.181
EDAF 0459, LETO1.000, OEDR 1.000, KNON 0.072, EXXX0.090
EDAR 1.000, LEZA 1.000, OEJB 1.000, OEKK 1.000, OEDF 1.000

-~ 506 PARAMETER MMOG MARGINAL VALUE OF BASE (MOG)

LETO 0.119, OEDR 15970.929, EDAR EPS, LEZA EPS
OEJB 3499.166, OEKK EPS, OEDF EPS

~— 510 PARAMETER TOTAMT | TOTAL AMOUNT TO BE MOVED
BLK 71971.000, PAX 78786.000, OUT 15120.000
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— 512 VARIABLE ZL AMOUNT OF CARGO LEFT UNDELIVERED
BLK

U0l 4928.447

U04 1885.000

UO5 4007.653

Ul: 3393.000

— 516 PARAMETER UTOTAL TOTAL SHORTFALL

BLK 14214.100 |

— 520 PARAMETER DTOTAL TOTAL AMOUNT DELIVERED

BLK 57756.900, PAX 78786.000, OUT 15120.000

— 527 PARAMFTER SORTIES SCHEDULE OF AIRLIFT MISSIONS

€005 Ci41 B747 P747

Co1  29.762 4.066 3.150
C02 60.511 5.934 6.850
C03 21.726 :

C04 29.762 4.066

C05 20.318 5.934 3.150
C06 41514 16.364

Co7  29.762 4.066

C08 25.962 16.364 5.934

Co9 9.216

C10 49.200 4.066

Clt  27.800 5.934

C12 27.500 10.000
C13  23.240 8.593

Ci4 53.760

C15 28252 10.000

Cl6 26.887 31.238 S o
C17 5418 10.762 10.000
Ci8 36.576 10.000

C19  31.400

C20  36.662 -
C21  29.906 10.000  10.000
C22 12.656

C23 32347

C4  27.076 16.364  10.000

C25 30.168 25.636 10.000
C26 16.031

C27 14.031 15.000 10.000

C28 34.031

C29 22.675 12.326 10.000

C30 41.263 8.683  10.000
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‘TOTAL MISSIONS BY AIRCRAFT TYPE

— 531 PARAMETER TOTALS
C005 875.412, C141161.329, B747100.000, P747 63.150

— 535 PARAMETER TSORT = 1199892

—- 539 PARAMETER MIXTURE SHARE OF MISSIONS BY AIRCRAFT TYPE
C0050.730, C1410.134, B7470.083, P7470.053

" — 548 PARAMETER PERCENT SHARE OF CARGO BY AIRCRAFT TYPE

C005 Ci41 B747 - P747
BLK 0.783 0.066 0.151

PAX  0.669 0.038 _ 0.293
ouT 1.000
—- 556 PARAMETER PCARGO

C005 0.828, C1410.053, B7470.120
-— 573 PARAMETER ACTUTE
CO005 Ci141 B747 P747

ACTUAL UTE RATE ACHIEVED

SUSTAIN 8.144 0528 10000  7.486

— 582 PARAMETER FLYRATE FLY RATE ACHIEVED
| €005 Cla1 BT P47

SUSTAIN 9327  7.344 10345  9.655

#++» FILE SUMMARY

INPUT GOR93M:[RMCCANNE.ACEP]DESERT.GMS;44
OUTPUT GOR93M:[RMCCANNE.ACEP]DESERT.LIS;34

EXECUTIONTIME =  16.900 SECONDS
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